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Abstract. 
Three distinct strategies for the synthetic preparation of one-dimensional 
titanium oxide (Ti02) nanostructures were investigated and refined: 
The first strategy involved a hydrolysis of titanium tetraisopropoxide, with oleic 
acid as a surfactant, which produced anatase TiO2 nanorods. The reaction 
was performed on the bulk scale, and after a 6 h duration, resulted in 
nanorods of 25.9 ± 5.4 nm in length and 3.3 ± 0.7 nm in diameter. After a 22 h 
reaction, through the oriented attachment mechanism, branched structures of 
analogous dimensions were produced. The reaction was also performed in 
the highly controlled environment of microfluidic chips. These studies showed 
a roughly ten-fold increase in the rate of TiO2 synthesis when the hydrolysis 
was performed on-chip, as opposed to on the bulk scale. 
A non-hydrolytic synthesis of TiO2 nanorods was also performed, via the 
reaction of TTIP and TiCI4 in the presence of oleic acid. The reaction 
conditions (time of reaction, temperature, mode of addition of TiCI4) were 
optimised for purity, crystallinity and monodispersity. The highest quality 
nanorods obtained were highly crystalline anatase, 40.8 ± 6.70 nm in length 
and 3.7 ± 0.4 nm in diameter. 
The third synthetic technique focussed on the conversion of aligned multi-
walled carbon nanotubes (MWCNTs) to rutile and anatase TiO2 nanorods. 
The MWCNTs were grown, on the walls of a quartz furnace tube, via a 
standard CVD process, employing xylene as the carbon source and ferrocene 
as the catalyst source. The MWCNTs were then reacted with a volatile 
titanium iodide species, generated in situ, at high temperature and reduced 
pressure, to produce titanium carbide (TiC) nanorods. Oxidation of the TiC, at 
800°C and 525°C, converted the structures to rutile and predominantly 
anatase TiO2 nanorods, respectively. The resulting nanostructures broadly 
retained the structure of the original MWCNTS and hence were up to —500 pm 
in length and —50 nm in diameter and were well aligned. 
Acknowledgements. 
I would like to acknowledge the EPSRC for the financial backing provided 
during this PhD. 
Many thanks go to Dr. Milo Shaffer for his invaluable support and 
encouragement throughout the completion of my work. Thanks also to Siva 
Krishnadasan (microfluidics experiments), Sabina Chyla (initial studies on 
non-hydrolytic syntheses), Ruth Pearce (acetylene grown carbon nanotubes), 
Laleh Safinia (N-doped nanotubes), Johann Boucle (test solar cells), Boris 
Thomas (SEM analysis), Johann Cho (XRD analysis) and Andrew White 
(single crystal diffractometer). General thanks to all those in the Shaffer and 
PACE groups for their help and guidance over the last four years. 
My family and friends have provided constant encouragement and emotional 
support through my four years of doctorate training. So my heartfelt gratitude 
to Mum, Dad, 011i, my Grandparents and extended family, Barney, Crumble, 
Paul, Sian, Yasmin, Marc, Ian, Rob and Milly. And to Emma — thank you and I 
love you. 
1 Introduction. 	 3 
1.1 	Crystal phases of Ti02. 	 6 
1.2 	Morphology of Ti02. 8 
1.3 	Current strategies for 1-D nanoscale TiO2 synthesis. 	9 
1.4 	Three strands of research. 	 10 
2 	Applications of pigmentary and nano-particulate TiO2. 12 
2.1 	Traditional applications. 	 12 
2.2 	The electrochemical photolysis of water by TiO2 and its 
subsequent development as a photocatalytic material. 	 12 
2.3 	The Dye-sensitised solar cell. 	 17 
3 	Analytical Techniques. 	 21 
3.1 	Transmission electronic microscopy. 	 21 
3.2 	(Field emission gun) scanning electron microscopy. 	23 
3.2.1 	Energy dispersive X-ray analysis. 	 25 
3.3 	Powder X-ray diffraction crystallography. 	 26 
3.3.1 	Small-mass powder X-ray diffraction using a single crystal 
diffractometer. 	 28 
3.4 	Raman spectroscopy. 	 29 
3.5 	Thermogravimetric analysis. 	 31 
3.6 	UVNisible spectrometry. 31 
4 	Hydrolytic synthesis of anatase TiO2 nanorods. 	33 
4.1 	Literature review. 	 33 
4.1.1 	Hydrolytic sol-gel reactions and nanoscale TiO2 synthesis. 	33 
4.1.2 	Microfluidic technologies and applications to nanoscale synthesis. 42 
4.2 	Experimental Details. 	 48 
4.2.1 	Experimental program. 48 
4.2.2 Materials. 	 48 
4.2.3 	Standard batch reaction. 	 48 
4.2.4 	Microfluidic reactions. 50 
4.3 	Results and discussion of the bulk syntheses. 	 54 
4.3.1 Results. 	 54 
4.3.1.1 	Standard Reaction. 	 54 
4.3.1.2 Effect of reaction duration. 	 59 
4.3.1.3 Effect of reaction temperature. 64 
4.3.1.4 Effect of varying the catalyst. 	 65 
4.3.2 Discussion. 	 65 
4.3.2.1 	Suitability of the TiO2 nanorods for applications. 	 68 
4.4 	Microfluidic reactions. 	 69 
4.4.1 	Results. 	 69 
4.4.2 Discussion. 76 
4.5 Summary. 	 78 
5 	Non-hydrolytic synthesis of anatase TiO2 nanorods. 	79 
5.1 	Literature review. 	 79 
5.2 	Experimental details. 87 
5.2.1 Materials. 	 87 
5.2.2 	Experimental procedure. 	 87 
1 
5.3 Results. 	 91 
5.3.1 	Variation of the duration of the first (low temp.) phase. 	91 
5.3.2 	Variation of the mode of TTIP addition. 	 95 
5.3.3 	Variation of the temperature of second (high temp.) phase. 	96 
5.3.4 	Variation of the duration of the second (high temp.) phase. 	100 
5.3.5 	Variation of the dilution of reaction. 	 101 
5.4 Discussion. 	 103 
6 	High temperature conversion of carbon nanotubes to TiO2 
nanorods. 	 109 
6.1 	Literature review. 	 109 
6.1.1 	A brief history of carbon nanotube synthesis. 	 109 
6.1.2 	The use of carbon nanotubes as templates. 111 
6.1.3 	Aligned carbon nanotube and titanium oxide synthesis. 	113 
6.1.4 	Templating of Ti02. 	 116 
6.2 	Experimental procedures. 	 117 
6.2.1 	Materials. 	 117 
6.2.2 	Synthesis of multi-walled carbon nanotubes via CVD. 	118 
6.2.3 	Conversion of CNTs to TiC nanorods. 	 119 
6.2.4 	Conversion of TiC to TiO2. 	 123 
6.3 Results. 	 124 
6.3.1 	Synthesis of MWCNTs via CVD. 	 124 
6.3.2 	Conversion of CVD grown MWCNTs to TiC nanorods. 	127 
6.3.3 	Conversion of TiC samples to TiO2. 	 131 
6.3.4 	Comparative analysis. 	 136 
6.3.5 	Conversion of other CNT samples. 	 138 
6.3.5.1 N-doped CNTs. 	 139 
6.3.5.2 CNTs grown on prepared iron catalyst with acetylene. 	 142 
6.3.5.3 Commercial DWCNT and SWCNT samples. 	 142 
6.4 	Discussion of conversion reaction results. 145 
6.4.1 	Large, aligned CNT conversions. 	 145 
6.4.2 	Small diameter CNTs conversions. 148 
7 Conclusions. 	 151 
7.1 	Further work. 154 
8 References 	 156 
2 
B 
1 Introduction. 
Nanomaterials are defined as materials with either one dimension (thin films), 
two dimensions (wires or tubes) or three dimensions (particles or 'quantum 
dots') which are below approximately 100 nm. These materials have been 
fabricated and their properties exploited, albeit unknowingly, by humans for 
centuries: Gold nanoparticles (or colloids) have been identified as the source 
of the unusual optical properties exhibited by the Roman lycurgus Cup' 
(figure 1a), which dates from circa 300 A.D1. Carbon nanotubes have been 
discovered in Damascus sabres forged in the tenth century, and are thought 
to have been responsible for the exceptional mechanical properties of the 
swords2 (figure 1 b). 
Figure 1 Early examples of nanomaterials: (a) the Lycurgus Cup contains gold 
nanoparticles — the glass appears green in reflected light, but red when light is 
transmitted from the inside of the vessel' (b) a carbon nanotube in a Damascus sabre2 
and (c) the slide that Faraday used in his lecture on gold colloids3, in 1858. 
Michael Faraday's study in the 1850s was the first true emprical research 
carried out in the realm of the nanoscale. He measured the optical properties 
of gold leaf and the gold colloids he had synthesised, leading him to the 
conclusion that the gold particles must be present on a scale substantially 
less than the wavelength of light (<400 nm) (figure 1c)3. However, it wasn't 
until the advent of the electron microscope in the 1940s, which allowed 
imaging of materials and surfaces on the nanoscale, that nanomaterials were 
first able to be properly identified and studied. In 1959, physicist Richard 
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Feynman delivered a public lecture entitled There's Plenty of Room at the 
Bottom4. In the lecture he posed the question "Why cannot we write the entire 
24 volumes of the Encyclopaedia Britannica on the head of a pin?" He then 
proceeded to discuss the possible ways of making this a reality and the 
implications that these advancements in technology would have. 
In the last few decades the quantity of research into the refinement of the 
properties of nanomaterials and their applications has increased 
exponentially. The prefix 'nano' is now included in thousands of publications 
every year. The principle motivation for this focus is the unusual properties of 
these materials compared to the bulk phases. The electrical, optical and 
magnetic properties are substantially altered when materials have dimensions 
which are confined to the nanoscale. Herein lies the challenge for researchers 
— to investigate and then be able to control these properties effectively. 
Nanomaterials have the potential to form the basis of, or be included in, many 
applications that will change the way we live6. These range from greener and 
more efficient fuels to tougher and more resistant materials, from faster 
computers to 'self-cleaning' clothes. 
Titanium dioxide (titania or TiO2) is a technologically interesting and important 
material on both the bulk and nanoscale, the refinement, production and 
synthesis of which has been researched extensively over the years'. The 
work described in this thesis has been focussed on optimising the synthesis of 
TiO2 nanostructures to improve their crystallographic and morphological 
properties. 
Macroscale TiO2 occurs naturally in the earth's crust, most commonly in the 
rutile crystal phase. Anatase and brookite are also stable forms of the mineral 
(the differences between the crystal phases will be discussed in due course). 
Small particulate TiO2 has, for a long time, been an important industrial 
material: due to its high refractive index, or pure 'whiteness', it has 
predominantly been employed as a pigment in paints, printing ink, plastics, 
paper, rubber, ceramics, cosmetics and food. The image below exhibits TiO2 
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in both its 'raw' particulate form and incorporated into one of its most common 
applications — paint (figure 2). 
Figure 2 Illustration of particulate TiO2 and its use in paints (Source: Bestchem Co.). 
TiO2 pigments are made from one of two chemical processes: crude titanium 
dioxide is purified via titanium tetrachloride in the chloride process. The crude 
ore (containing at least 90% Ti02) is reduced with carbon and oxidized with 
chlorine to give titanium tetrachloride. This titanium tetrachloride is distilled, 
and re-oxidized with oxygen to give pure titanium dioxide. Another widely 
used purification technique is the sulphate process, which utilises the TiO2 ore 
ilmenite (FeTiO3) as the titanium dioxide source, which is digested in sulphuric 
acid. The by-product iron(I1)sulphate is crystallized and filtered-off to yield only 
the titanium salt in the digestion solution, which is processed further to give 
pure Ti02. Commercial TiO2 particulates are available on large scales, in a 
variety of sizes and crystal phases, from several companies (figure 3). The 
materials are not 100% pure and usually contain trace quantities of silica, 
aluminium hydroxides and hydrochloric acid. 
Company (TiO2 trade name) TiO2 phase Particle size 
Degussa (P25) 
75% anatase 
25% rutile 30 nm 
Merck Ltd. anatase 200 - 300 pm 
Bestchem Co. Ltd. rutile 40 pm 
Millenium Inorganic Chemicals variety variety 
Figure 3 Commercial TiO2 particulate products. 
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In recent years, nanoparticulate TiO2 has been developed (see later sections 
for literature reviews covering the history of nanoscale TiO2 syntheses) which, 
has found applications in more advanced technologies8,9,10,11, including as 
self-cleaning materials12 (tiles, glass and fabrics), oxygen sensors13, in anti-
bacterial and anti-viral applications12, water purification14 and solar cells15. 
The schematic diagram below exhibits the process by which the oxidative 
reactants, which in the photocatalytic 'cleaning' applications of Ti02, 
decompose organic substances (figure 4). 
Figure 4 Illustration of the production of oxidants by adsorption of UV light by 
particulate Ti02. 
The applications of nanoparticulate TiO2 are detailed in section 2, and all rely 
on the incorporated TiO2 to be of a certain morphology, size and crystal 
structure to be efficient. In many cases, one-dimensional (1-D), highly 
crystalline TiO2 is thought to be particularly useful and these suppositions 
provided the main impetus behind my research. The reasons for these 
preferences are discussed below. 
1.1 	Crystal phases of TiO2. 
Titanium dioxide occurs in three principle crystal forms; rutile, anatase and 
brookite, as well as in its amorphous state. Brookite and amorphous TiO2 
exhibit very little photocatalytic activity and hence are of little technological 
interest. The most important crystal phases pertaining to this work are 
anatase and rutile TiO2; the unit cells of which are described below: 
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ANATASE 
9.51 A 
a 	b 
I-479 A 
3.79 A 
Symmetry class: Tetragonal 
Unit cell parameters: a = b = 3.79 A 
c= 9.5/ A 
Unit cell volume: 136.3 A' 
Band Gap: 3.2 eV 
Refractive index: 2.49 
Density: 3.84 g/cfn3 
RUTILE 
 
2.96 A 
 
4.59 A 
C 
	> b 
aIL 
Symmetry class: Tetragonal 
Unit cell parameters: a = b = 4.59 A 
c = 2.96 A 
Unit cell volume: 62.42 A3 
Band gap: 3.0 eV 
Refractive index: 2.90 
Density: 4.26 gicrn3 
= Titanium 
= Oxygen 
Rutile is the most commonly found natural phase, as it is the 
thermodynamically more stable and has the lower molecular volume of the 
two. It has traditionally been used in pigmentary applications, due to its higher 
opacity, or 'refractive index'. This is due to the higher density of rutile, where 
light cannot propagate as fast as in anatase. However, anatase is the most 
useful for photocatalytic applications because the percentage of photons 
hitting the photoreactive surface that will produce an electron—hole pair, or the 
`quantum efficiency', is higher than in rutile. Several studies have proved this 
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to be the case and attribute this increase in activity predominantly to the 
larger band gap and slightly higher Fermi level of anatase16'17'18. 
This research described in this report has been primarily concerned with 
synthesis of anatase phase T102, as it is the most catalytically active19. 
However, rutile and mixed phase structures have also been produced and the 
significance of these will be discussed later. In all applications, the higher the 
degree of crystallinity the better; if there are defects present then electron 
transfer through the materials is impeded. 
1.2 	Morphology of Ti02. 
1-D crystals have a higher surface area-to-volume ratio than O-D particles for 
crystals with the same volume, giving a higher density of active sites available 
for surface reactions. For example, in some varieties of solar cells (dye-
sensitised solar cells, see section 2.3), where a dye is adsorbed onto the 
surface of the TiO2, a higher surface area results in a more dye adsorption 
and hence a higher degree of light adsorption20. The higher surface area-to-
volume ratio also means there is a larger contact with the continuous medium 
of the application. In solar cells electron/hole (e /h+) pair recombination (a 
phenomenon that hampers cell efficiency) is reduced by the use of 1-D 
structures21. If these nanostructures are single crystals then their aspect ratio 
(the ratio of the length to the diameter) is also an important factor contributing 
to efficiency: if the aspect ratio is high the electrons migrate more efficiently 
towards the electrode without meeting an energetic barrier, and hence are 
less likely to recombine with a hole. It has been shown that TiO2 particles 
below 10 nm in size exhibit quantum size effects22, such as an increase of the 
bandgap, leading to lower probability for electron-hole recombination resulting 
in higher quantum efficiency. Additionally, at this small size, the number of 
active surface sites increases, as does the surface charge carrier transfer rate 
in photocatalysis. 
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Current strategies for the synthesis of nanoscale TiO2 usually involve either a 
'wet' reaction in a solvent, an electrochemical process, or a chemical vapour 
deposition reaction. These strategies are outlined below. 
1.3 	Current strategies for 1-D nanoscale TiO2 synthesis. 
Nano-rods, -wires and -tubes of TiO2 are generally synthesised by employing 
synthetic strategies which can broadly be put into one of five main categories. 
• Hydrolytic synthesis23: 
o Solution reactions, involving the hydrolysis of titanium alkoxides 
by either water or alcohols under mild (<100°C, atmospheric 
pressure) conditions. 
o Usually in the presence of a surfactant, which assists nanoscale 
growth. 
o Usually results in low aspect ratio products, typically nanorods. 
o Titanate (TiOx.xH20) nanotubes can also be synthesised by 
treatment of TiO2 powders by NaOH and then HCI. 
• Non-hydrolytic synthesis24: 
o Solution reaction between a titanium halide and a titanium 
alkoxide, ether or alcohol. 
o Performed under moderate conditions (>200°C, atmospheric 
conditions), usually in the presence of one or more surfactants. 
o Low aspect ratio nanorods or branched structures formed. 
• Templating25: 
o Titanium oxide deposited, either by sol-gel reaction, or by 
electrodeposition, onto a prepared porous or tubular substrate. 
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o TiO2 is usually amorphous and must be crystallised by annealing 
at high temperature (>500°C). 
o High aspect ratio tubes and wires produced, which are often 
aligned, to some degree, depending on the template. 
• Anodisation of a titanium sheet26: 
o Employs a highly oxidative species in an electrolyte solution 
under a direct current. 
o Amorphous, moderate aspect ratio nanotubes are obtained, 
which must be annealed (>500°C) to obtain crystalline material. 
• Metal-organic chemical vapour deposition (MOCVD)27: 
o A titanium precursor (usually an alkoxide) is carried into a 
furnace (set at —500°C), depositing TiO2 on the walls. 
o TiO2 nanostructures obtained are usually solid nanorods of 
moderate aspect ratio and are semi-aligned. 
1.4 Three strands of research. 
The research which is outlined in this thesis was motivated by the need to 
optimise TiO2 nanostructures for use in photovoltaic applications. A high 
degree of crystallinity and high aspect ratio were sought. Three primary 
synthetic routes were investigated for the synthesis of 1-D TiO2 
nanostructures: 
1. The hydrolytic synthesis of TiO2 nanorods with titanium 
tetraisopropoxide (TTIP) and oleic acid (OLEA). The focus of this 
research was the refinement of a scheme for TiO2 nanorod (-4 nm 
diameter x 30 nm length) preparation, first investigated by Cozzoli et 
al.23. A series of experiments, which involved varying the duration and 
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temperature of reaction, were performed. The emerging technology of 
microfluidics was also employed in an attempt to further increase the 
quality (high aspect ratio, monodispersity, crystallinity etc.) of the 
nanorods obtained. 
2. The non-hydrolytic synthesis of TiO2 nanorods with titanium 
tetrachloride (TiCI4), TTIP and OLEA. This research involved the 
development of a reaction, in the absence of water and at high 
(-300°C) temperatures, to synthesise monodisperse, highly crystalline 
nanorods (-3 nm diameter and 50 nm length). The ratio of reactants, 
duration and temperature of reaction were factors which were varied. 
3. The conversion of (aligned) carbon nanotubes (CNTs) to titanium 
carbide nanorods and subsequently to TiO2 nanorods. CNTs have, 
via a high temperature reaction with titanium iodide, previously been 
converted to TiC nanorods28. However, the reaction had not been 
performed on aligned arrays of CNTs. The TiC product was converted 
into TiO2 nanorods (-50 nm diameter x 100 pm) at different 
temperatures and reaction durations. 
Detailed literature reviews pertaining to each of the above reactions are 
presented in the corresponding section along with details of the synthetic 
strategies. In the following section the current and possible future applications 
of particulate TiO2 are described. 
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2 Applications of pigmentary and nano-particulate TiO2. 
2.1 Traditional applications. 
As mentioned briefly above, due to the high refractive index of TiO2 (which 
varies according to the crystal phase; n = 2.49 for anatase and 2.90 for rutile), 
it has historically been used as a white pigment. The worldwide market for 
particulate TiO2 is estimated at —4 million tons or —$3 billion per year. 
Applications of TiO2 include inks29, dyes and paints and paper, ceramics and 
rubbers. More recently it has been used in cosmetics and as a food colouring 
(it has the E number E171). However, since 1971 and the discovery of 
photocatalytic properties9 of Ti02, many new applications have focussed on 
exploiting these properties, in the pursuit of more advanced technologies. 
2.2 	The electrochemical photolysis of water by TiO2 and its subsequent 
development as a photocatalytic material. 
After their initial investigations concerning the mechanism of the primary stage 
of photosynthesis8, A. Fujishima and K. Honda published a report of the 
photolysis of water by a TiO2 electrode9. An electrochemical cell was 
constructed, with a platinum electrode and a rutile TiO2 electrode, the latter 
being irradiated by white light. On irradiation, anodic current proportional to 
the intensity of the light flowed around the circuit. The direction of flow 
revealed that the oxidation reaction (oxygen evolution) occurs at the TiO2 
electrode and reduction (hydrogen evolution) occurs at the platinum black 
electrode. The authors proposed the following reactions for the decomposition 
of water into oxygen and hydrogen (see below): 
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1. Excitation of TiO2 by light: 	TiO2 + 2 hv 	2e" + 2h+ 
2. At the TiO2 electrode: 	2h+ + H2O —> 1/202 + 2H+ 
3. At the platinum electrode: 	2e" + 2H+ 	H2  
4. Overall reaction is: 	 H2O + 2hv 	1/202  + H2 
When Fe3+ ions were added to the system, the current produced under 
irradiation increased and the quantum efficiency estimated to be about 10%. 
In the next decade, a number of reports of photocatalysed chemical 
conversions were published (some employing zinc oxide (ZnO) and iron oxide 
(Fe2O3) as electrodes, as well as TiO2). These studies included several 
reactions of environmental interest; such as the oxidation of carbon monoxide 
(CO) to carbon dioxide (CO2)33, the oxidation of cyanide (CN1-)31, the oxidation 
of sulphite (S032-)32 and the decarboxylation of acetic, proponic and butyric 
acids33'34. Photocatalysed dehalogenations were also investigated, including 
chloride transfer to ethane from carbon tetrachloride (CCI4), 
fluorotrichloromethane (CFCI3) and difluorodichloromethane (CF2Cl2)35 and 
dechlorination of CF2Cl2 and CFCI3  on illuminated ZnO. These studies led to 
the suggestion that heterogeneous photocatalysis could be exploited as a 
potential tool for water purification. 
In 1985, D. 011is outlined a study on the mineralisation of chloromethane 
(CH3CI) using TiO2 powders14. The photocatalysed degradation of 
trichloromethane (CHCI3), by slurry of TiO2 powder (the crystal phase is not 
specified), and the resulting formation of chloride ions was followed. It was 
observed that only the presence of a photoexcited catalyst resulted in 
trichloromethane conversion. The study also covered a variety of other 
chlorohydrocarbons and bromohydrocarbons, which were all successfully 
mineralised, proving the adaptability of the method. 
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Several other reports of water purification using TiO2 were published around 
this time. Okamoto et al.'s study of the decomposition of phenol36 and R. 
Matthews' experiments of the photocatalytic oxidation of salicylic acid, phenol 
and 2- and 4-chlorophenol37 being two prominent examples. Reviews by 
Linsebigler et aL38 , in 1995, and Herrmann39, in 2005, both describe the state-
of-the-art of heterogeneous catalysis and have large sections devoted to TiO2 
powders. In the conclusions of the latter, the advantages (and a few 
disadvantages) of the use of particulate TiO2 as a heterogeneous catalyst 
were stated, as follows below: 
Advantages... 
• Chemical stability of TiO2 in aqueous media and in large range of pH 
(0 5 pH 5 14) 
• Low cost of titania (-16 €/kg) 
• No additives required (only oxygen from the air). 
• System applicable at low concentrations. 
• Low, or absent, inhibition by ions generally present in water. 
• Total degradation achieved for many organic pollutants. 
• Efficiency of photocatalysis with halogenated compounds, which are 
often very toxic for bacteria in biological water treatment. 
• Possible combination with other decontamination methods (in particular 
biological). 
Disadvantages... 
• Use of UV-photons and necessity for the treated waters to be 
transparent in this spectral region. 
• Complete mineralisation is slow in cases where heteroatoms are at a 
very low oxidation degree. 
In all photocatalytic applications the surface area of the catalyst will affect the 
rate of reaction. Generally, the higher the surface area, the higher catalytic 
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activity40. Nanoscale materials have a very high surface area (often 
—500 m2/gm) compared with conventional catalytic materials. However, it 
wasn't until the end of the 1990s that the size effect of the TiO2 particles on 
photocatalysis was investigated. Wang et al. performed a systematic study on 
the degradation of chloroform by 6, 11 and 21 nm TiO2 anatase particles41. 
The particles were prepared by hydrolysis of titanium isopropoxide (TTIP), 
then calcined in different manners to obtain the different particle sizes. The 
11 nm particles were found to be the most photocatalytically active and this 
was attributed to the offset, in the 6 nm sample, of the ultra-high surface area 
(253, compared to 157 m2/g for the 11 nm sample) by the high charge carrier 
recombination rate in the smaller particles. Also, the anatase peaks in the 
XRD patterns obtained were sharper for the 11 nm sample, indicating a higher 
degree of crystallinity, which would give a higher activity. 
More recently, the effect of the morphology of nanoscale TiO2 on the 
photocatalytic degradation of an organic dye (uniblue A) was studied42. The 
degradation of the dye, over time, with both nanorods and nanospheres was 
compared. On comparison of the UV spectra obtained (figure 5) it is obvious 
that degradation occurs quicker in the presence of nanorods, as opposed to 
nanospheres. The authors attributed this difference in photocatalytic activity to 
the increase in surface area (and hence active sites for reaction) inherent in 
the nanorods, compared to nanospheres with the same volume. 
Figure 5 Evolution of the adsorption changes occurring during photochemical 
degradation of Uniblue A with (a) TiO2 nanorods and (b) equiaxed TiO2 nanoparticles42. 
The evolution of the photocatalytic applications of nanoscale TiO2 into 'self-
cleaning' materials has recently occurred. In 1991, workers at Pilkington glass 
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patented the "method of depositing tin oxide and titanium oxide coatings on 
flat glass and the resulting coated g/ass"43'44, resulting in the world's first self-
cleaning windows (figure 6a). The coating cleans the glass by initially 
breaking down the organic debris, which is then washed off the window when 
it rains (the hydrophilic TiO2 also causes the water to sheet off the glass, 
rather than beading (see below)). Other companies, including PPG and TOTO 
Ltd., have followed suit by inventing their own self-cleaning windows, tiles and 
surfaces. 
The concept of photochemical sterilisation was introduced by Matsunaga et 
al. in 198545. Microbial cells were killed by oxidation of coenzyme A which 
inhibited respiration, causing cell death. As pure TiO2 only absorbs UV 
radiation (which is not emitted from most indoor lights), applications were only 
possible where sunlight reached. However, the doping of TiO2 particles with 
both nitrogen46 and also copper oxide particles47 modifies the " radiation 
absorbance above 400 nm and hence into the visible region, allowing self-
cleaning surfaces to be installed in houses and workplaces. Self-sterilising 
surfaces and tiles have since been used in hospitals and on toilets (figure 6d). 
Experiments have also been performed with TiO2 nanoparticles on cloth to 
determine their possible use in self-cleaning clothes48'49. The superhydrophilic 
properties of Ti0250, discovered in 1997, have been employed in anti-fogging 
glass and mirrors remain clear as the water on them sheets of, rather than 
forms beads, impairing vision (figure 6b). 
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Figure 6 Representative images of some of the current photochemical applications of 
nanoparticulate Ti02: (a) Self-cleaning glass - Pilkington Activ TM 44(b) Anti-fogging 
glass in a car wing mirror5° (c) Self-cleaning tiles51 - tiles marked 'A' have a layer of 
Ti02, tiles marked S' do not (d) Bathroom surfaces coated in a self-cleaning and self- 
sterilising TiO2 layer47. 
2.3 The Dye-sensitised solar cell. 
In 1991, B. O'Regan and M. Gratzel invented a type of solar cell known as the 
dye-sensitised solar cell (DSSC)52. An inexpensive and more efficient 
alternative to traditional silicon solar cells had been sought and 
nanostructured TiO2 was employed as the charge separating material. It 
consisted of a layer (10 pm thick) of nanostructured TiO2 (roughly equiaxed 
particles —15 nm in diameter, prepared by hydrolysis of TTIP) onto which a 
trimeric ruthenium complex was deposited (which shifts the absorption onset 
to 750 nm). These components are surrounded by an 1371- electrolyte and this 
layer is sandwiched between the two electrodes (a fluorine-doped tin oxide 
(FTO) layer on glass and platinum on glass). Electrons excited (by the 
incoming photons) in the dye are rapidly injected into the semiconductor, 
while the positive 'hole' on the dye is removed by the hole-conducting 
electrolyte (figure 7). 
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Figure 7 Schematic diagram of the components of a standard DSSC (Source: Research 
Institute of Innovative Technology for the Earth). 
Although attempts to use dye-sensitised photoelectrochemical cells in energy 
conversion had been made before, the efficiency of such devices had been 
very low53'54. The main problem was poor light harvesting, which O'Regan and 
Gratzel overcame by using nanoparticulate TiO2 with a much higher surface 
area, so that a larger number of dye molecules can be simultaneously 
absorbed to the surface and be in direct contact with the electrolyte. The other 
main advantage of the cell was the use of low to medium purity materials and 
low-cost processes in its construction (the silicon-based solar cells available 
at the time were, and still are, expensive). The device harvested 46% of the 
incident solar flux and converted 80% of the incident photons to electrical 
current. This resulted in an overall light-to-electric energy conversion yield of 
7.1 — 7.9% in simulated solar light and 12% in diffuse daylight. 
The publication of these results provoked a huge surge of interest in the topic 
(the paper has since been cited over three thousand times), as many 
research groups set about improving the properties of the TiO2 
nanocrystalline layer, the absorbed dye, electrolyte and the construction of the 
cell. The commercialisation of DSSCs is currently being driven forward by the 
Colorsol® project55 in Germany, among others. Although the nature of the dye 
and construction of the cell have been investigated extensively56'2°, this 
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review will concentrate on the research which has been carried out into the 
structure and properties of the TiO2 layer. Several reviews on the topic have 
been published which provide broad overviews of the state-of-the-art57'58'59. 
In his review on DSSCs in 2003, Gratzel stated that "A desirable morphology 
of the Thanowystalline Ti02J films would have the mesoporous channels or 
nanorods aligned in parallel to each other and vertically with respect to the 
TCO glass current collector. This would facilitate pore diffusion, give easier 
access to the film surface and grain boundaries and allow the junction to be 
formed under better control'58. Since then, several papers have outlined 
strategies for improving the properties of the TiO2 layer beyond the random 
assembly of nanoparticles. Electron-hole pair recombination is a considered a 
problem in traditional DSSCs. However, 1-D or coated TiO2 structures could 
help to combat this, as there are fewer energetic barriers to electron diffusion 
and hence electron transport away from the surface is improved. Gomez et al. 
fabricated a solar cell based on sputtered TiO2 (resulting in a porous film) 
which had a conversion efficiency of —7 %60, as high as the original cells but 
not improving on them. Adachi et al. prepared TiO2 nanotubes using 
molecular assemblies composed of surfactant molecules (e.g. laurylamine 
hydrochloride (LAHC)), incorporated the materials into test DSSCs and 
compared the results with cell prepared with a standard commercial TiO2 
powder, Degussa P2561. The light to electricity conversion of the cells was 
—5 %, which was double the value for the cells containing P25, but still less 
than the —8 % conversion needed to mark a real improvement. A recent 
review of publications concerning the inclusion of aligned, 1-D TiO2 into 
DSSCs has also been published by Grimes and co-workers62. 
Recently, the Adachi group has published several further reports concerned 
with the optimisation of the TiO2 layer63,64,65,66. In one example, a network of 
single crystal anatase nanowires were formed by a surfactant-assisted self-
assembly process66 (again using LAHC as the surfactant). Upon incorporation 
of the TiO2 network in test DSSCs a high light-to-electricity conversion of 
9.3 % was obtained. The group also employed TiO2 nanorods (prepared by a 
cetyltrimethylammonium bromide surfactant method) with diameters of 
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-25 nm and lengths of -200 nm in DSSCs, recording a conversion efficiency 
of  7.3%63,64. Very recently, they published work on the use of ultra small (3 -
10 nm diameter) TiO2 particles (prepared with a copolymer F127 template) in 
DSSCs, in an effort to take advantage of the very high surface areas of such 
particles65. The cells produced were compared with analogous test cells 
containing particles of 25 nm average diameter. It was found that the smallest 
particles, of 3 nm diameter, provided the highest conversion efficiency, of 
7.5%. 
Rather than changing the morphology of the TiO2, J. Durrant and co-workers 
have taken the approach of coating the particles with a layer of a different 
metal oxide67'68. Layers of A1203, SiO2 and ZrO2 were applied by dipping the 
preformed TiO2 particles into an organic solution of the respective alkoxides. It 
was hoped that the insulating layers would act as barrier layers to electron-
hole pair recombination or recombination with the oxidised redox couple 
(1713); an overall increase in efficiency of 35% (compared to an analogous 
set-up using 'naked' TiO2 particles) was obtained. 
In conclusion, although a lot of research effort has been put into finding the 
optimal TiO2 structure for DSSC use, very few structures have yet to 
significantly improve on Gratzers original results. High aspect ratio 
nanostructures appear to improve device efficiency but it is not known 
whether an interconnecting mesh of polycrystallites, or an array of separate, 
but single crystal, nanorods would be better. However, despite the lack of 
progress it seems unlikely that Gratzel and co-workers stumbled upon the 
optimum morphology and crystallinity for TiO2 in their primary investigations. 
Therefore, with continued research, there is still plenty of scope for the 
improvement of the semiconducting electrode in DSSCs. 
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3 Analytical Techniques. 
3.1 Transmission electron microscopy. 
Transmission electron microscopy (TEM) is an imaging technique, employed 
to characterise an enormous variety of materials on the small scale. 
Mesoscale and nanoscale films, particles, rods and wires of ceramics, natural 
minerals, metals, alloys, semiconductors, glass and polymers can all be 
studied in great detail. The technique can be used to study materials not only 
from a morphological (imaging mode) and crystallographic (diffraction mode) 
point of view, but (using energy dispersive X-ray analysis or EDX) can also 
establish the elemental composition of the material. The crystal planes of 
materials can often be observed and state-of-the-art TEM machines allow 
information on features on the scale of 0.1 nm to be obtained. 
The electron source is generated using a (in the case of these studies) 
lanthanum boride (LaB6) filament, under a high voltage (commonly between 
100 and 200 kV). A very stable power supply must be supplied to ensure that 
the spread of energies of electrons, or temporal coherence, is kept low and a 
near monochromatic electron beam results. In the case of a LaB6 filament the 
energy spread is approximately 1.5 eV, at an operating voltage of 200 keV, 
equates to 7.5 x 10-4 % of the total beam energy. The resulting beam of 
electrons is focused into a tight, coherent beam by multiple electromagnetic 
lenses and apertures (figure 8). The lens system is designed to eliminate 
stray electrons as well as to control and focus the electron beam. The 
corrected beam is focussed on the sample and as it passes through the 
material, it is diffracted. The intensity of the diffraction depends on the 
orientation of the planes of atoms in the crystal, relative to the beam. The 
transmitted beam is also affected by the volume and density of the material 
through which it passes. The image is usually observed by means of a 
fluorescent screen that is hit by the electron beam and, in some cases, by a 
CCD detector linked to a computer screen). Images are stored either by 
exposure to photographic film or recording the digital image. 
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Figure 8 Lens and aperture setup in the column of a typical TEM. 
TEM and high resolution TEM (HRTEM) are invaluable tools when studying 
nanostructures and enable accurate analysis of the morphology, crystal 
structure and orientation of the samples produced in these studies. For 
example, HRTEM allows the cores and lattice planes of carbon nanotubes to 
be seen and the morphology and crystallographic orientation of small TiO2 
particles to be determined. Examples of HRTEM images showing a carbon 
nanotube69 and (figure 9a) and a TiO2 nanorod79 (figure 9c) are displayed 
below. The selected area electron diffraction (SAED) pattern of a MWCNT71  
(figure 9b) is also provided. 
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Figure 9 Example HRTEM images of (a) a MWCNT69 and (b) a SAED pattern of a 
MWCNTI1  and (c) a TiO2 nanorod70. 
All TEM images used in this report were obtained using either a JEOL 
2000FX Mk. 2 TEM or a JEOL JEM 2010 TEM, both operating at 200 kV. The 
images obtained are on photographic film or CCD, respectively. SAED 
patterns were obtained at a camera length of 20 - 25 cm. All samples were 
prepared by suspending the product in ethanol or hexane (with sonication if 
necessary) then pipetting a drop of the suspension onto a 300 mesh copper 
grid with an either continuous, or holey, carbon film. There are several 
limitations to TEM, including the fact that the field of view is relatively small, 
raising the possibility that the region analysed may not be characteristic of the 
whole sample. Furthermore, there is potential that the sample may be 
damaged by the electron beam, before proper analysis or imaging can be 
performed. 
3.2 (Field emission gun) scanning electron microscopy. 
Scanning electron microscopy (SEM) is an imaging analytical technique 
similar to TEM in that it uses an electron beam to allow micro- and nano-
structures to be investigated. However, in SEM, the electron beam is rastered 
across the surface of the sample rather than passing through it. The principle 
imaging method is by collecting secondary electrons that are released by the 
sample. 
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In conventional SEM machines, the electron beam, like in TEM, is usually 
generated by a tungsten or LaB6 filament, however, the voltage is typically 
lower (<50 kV). In these studies, a field emission gun (FEG) SEM was 
employed, which provides a higher resolution images than those generated 
using a standard filament. FEGSEM machines achieve this higher resolution 
by using a narrow electron beam with low voltages which produce less 
electrostatically distorted images. A diagram of a typical SEM column, lenses 
and electron paths is displayed below (figure 10). 
Figure 10 Schematic diagram of the column and electron paths of a typical SEM. 
(Source: 'Microcosmos' by Jeremy Burgess, Michael Marten and Rosemary Taylor, 
1987, Cambridge University Press) 
The primary electrons hit the surface of the specimen with an energy of 0.5 -
30 keV, generating low energy secondary electrons. The intensity of these 
secondary electrons is largely governed by the surface topography of the 
sample. An image of the sample surface can thus be constructed by 
measuring secondary electron intensity as a function of the position of the 
scanning primary electron beam. High spatial resolution is possible because 
the primary electron beam can be focused to a very small spot (1 - 2 nm). 
High sensitivity to topographic features on the outermost surface (<5 nm) is 
achieved when using a primary electron beam with low energy. In addition to 
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low energy secondary electrons, backscattered electrons and X-rays are also 
generated by primary electron bombardment (see section 3.2.1). 
SEM is particularly useful in nanomaterials research and enables either high 
resolution imaging of individual wires or rods or low resolution studies of the 
monodispersity of samples. Films and the surfaces of (nano)composites pre 
and post fracture experiments etc. can also be studied. Typical images of 
TiO2 nanowires72 (from above the substrate, figure 11a) and carbon 
nanotubes73 (at an angle to the substrate, figure 11b) are displayed below. 
Figure 11 SEM images of (a) TiO2 nanorods72 and (b) carbon nanotubes73. 
All FEGSEM images displayed in this report were taken using a LEO Gemini 
FEGSEM operating at 20 kV. All FEGSEM samples were prepared by 
dropping an ethanol suspension onto half-inch aluminium pin stubs. 
3.2.1 Energy dispersive X-ray analysis. 
Monitoring of the characteristic X-rays emitted from samples in the SEM 
enables energy dispersive X-ray analysis (EDX), which can provide 
quantitative elemental information. The technique works by the excitation of 
an electron in an inner shell, ejecting it from the shell and creating a hole. An 
electron from an outer, higher energy shell then fills the hole, and the 
difference in energy between the higher energy shell and the lower energy 
shell is released in the form of an X-ray. These X-rays are characteristic of the 
difference in energy between the two shells, and of the atomic structure of the 
element from which they were emitted. Hence, quantative elemental 
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information is obtained, however, the technique does not give information as 
to the molecular state or bonding of the elements. 
EDX spectra often exhibit a low intensity continuous spectrum, due to the 
'Bremsstralung' or 'braking radiation'. Bremsstahlung is radiation emitted by a 
sudden slowing down or deflection of electrons in the vicinity of the atomic 
nucleus. However, due to it's continuous nature, the spectrum cannot be used 
in identifiying the elements present in the sample, and is usually ignored. 
3.3 	Powder X-ray diffraction crystallography. 
Diffraction occurs when waves interact with a regular structure with a repeat 
distance similar to the wavelength of the incoming radiation. It so happens 
that X-rays have wavelengths on the order of a few angstroms, the same as 
typical inter-atomic distances in crystalline solids. Hence, X-rays are diffracted 
by crystalline solids. When certain geometric requirements are satisfied, the 
scattered X-rays from a crystalline solid can constructively interfere, producing 
a diffracted beam. These requirements are encapsulated in Bragg's law, 
displayed below: 
nA = 2dsinO 
n = an integer — 1,2,3... etc. 
A = wavelength. 
d = inter-atomic spacing. 
= angle of incidence of the beam. 
A typical set-up of a powder diffractometer is displayed below (figure 12). 
When the X-ray beam strikes a powder sample, diffraction occurs in every 
possible orientation of 20. The diffracted beam may be detected by using a 
movable detector, connected to a computer which records the data. In normal 
use, the counter is set to scan over a range of 20 values at a constant angular 
velocity. Routinely, a 28 range of 5 to 70 degrees is sufficient to cover the 
most useful part of the powder pattern. 
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Figure 12 Set-up in a typical X-ray diffractometer74. 
X-ray diffraction is used to determine the crystal structure of the sample. For 
example, the diffraction pattern (with the different atomic planes marked) of 
anatase TiO2 is displayed below (figure 13): 
10 	20 	30 	40 20 50 	60 	70 	80 
Figure 13 Standard diffraction lines of anatase Ti0223. 
When the crystal phases are small enough (<100 nm), the peaks of the XRD 
pattern broaden in relation to their size. This feature on a pattern is due to the 
finite crystalline size phenomenon, which presumes that the crystal under 
investigation extends in all directions to infinity. For dimensions above 
-200 nm the effect is negligible; however, below -30 nm the peaks are 
substantially broadened. Due to this phenomenon, in the study of 
nanomaterials, information regarding the size of the crystallite can be gleaned 
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from an analysis of the peaks of the spectra using a formula proposed by Paul 
Scherrer75, in 1918: 
P = 	KvA° 
ABcosI3 
P = particle size in direction of plane. 
K, = Scherrer constant —1. 
A° = wavelength of radiation (1.54 x 10-10 m). 
B = full width half maximum (FWHM) of the peak (in radians). 
cose = angle of diffraction. 
After analysis of each of the crystal phases present in a material using this 
formula, the morphology of the particles (whether it is spherical or rod-
shaped) can be estimated. For example, in the case of the anatase TiO2 
synthesised in these studies, the breadth of the (004) peak will give a direct 
estimate of the length of the nanorods and the {101} peak can be used to 
determine the diameter of the nanorods (see 4.3.1.1). However, this formula 
does not take into account strain on the crystallite so cannot be employed as 
a definitive method for calculating particle size. 
X-ray diffraction measurements were carried out using a Philips X'Pert 
diffractometer with Cuka radiation at a wavelength of 1.54 A. Dry, ground 
samples of —100 mg were placed onto the sample plate and spread using 
distilled water. 
3.3.1 Small-mass powder X-ray diffraction using a single crystal 
diffractometer. 
In conventional powder XRD the sample must cover the —2 cm diameter 
sample plate to obtain a good, clean diffraction pattern. This requirement 
implies (depending on the density of the sample) at least approximately 10 mg 
of material. Several of the experiments reported in these studies produced 
less than this quantity and so, for analysis of small masses of sample 
(<10 mg) a single crystal diffraction machine, the Oxford Diffraction X'calibur 3 
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diffractometer, was used with Mo radiation at a wavelength of 0.71 A. About 
3 mg dry powder was suspended in a 0.7 mm inner diameter Lindemann tube. 
3.4 Raman spectroscopy. 
Raman spectroscopy is a technique used in condensed matter physics and 
chemistry to study vibrational, rotational and other low-frequency modes in a 
system. It relies on inelastic scattering, or Raman scattering of 
monochromatic light, usually from a laser in the visible, near infrared, or near 
ultraviolet range. The laser light is absorbed or emitted by phonons or other 
excitations in the system, resulting in the energy of the laser photons being 
shifted up or down. The shift in energy gives information about the phonon 
modes in the system. Typically, a sample is illuminated with a laser beam 
which provides a single wavelength and high intensity light source. Light from 
the illuminated spot is collected with a lens and sent through a 
monochromator. Wavelengths close to the laser line (due to elastic Rayleigh 
scattering) are filtered out and those in a certain spectral window away from 
the laser line are dispersed onto a detector76, as displayed in figure 14. 
The sample is excited by laser light 
Elastically scattered light (Rayleigh) 
• Inelastically scattered light (Raman) 
. 	. 
• • ... • Filter eliminates intense Rayleigh scattering • .	• . (typically 103 times stronger than the Raman scattering) . . . . 	. 
. . 	Grating disperses the light onto a detector . 
. 	. to generate a spectrum • . . . . . . 
Figure 14 Diagram of the principle of Raman scattering and spectroscopy. 
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In these studies, Raman spectroscopy is used for the identification of the 
phases of samples and a qualitative estimation of their degree of crystallinity. 
Typical spectra for the (a) brookite, (b) rutile and (c) anatase phases of Ti0277 
are displayed in figure 15. The two main peaks observed in the rutile 
spectrum, at 446 and 610 cm-3, are due to E9 and Alg, respectively. The three 
prominent peaks in the anatase spectrum, at 397, 515 and 640 cm-3, are due 
to the Blg(1), Aig and Big(2) and Ego) vibrations, respectively79. 
CM-I 
Figure 15 Raman spectra of (a) brookite (b) rutile and (c) anatase samples of Ti0277. 
For analysis of the samples produced in these experiments, a LabRam Infinity 
spectrometer with red laser light at a wavelength of 632.8 nm was employed. 
The majority of spectra were obtained using —2 mg dry powder on a glass 
slide, however some analysis was performed on 'wet' samples, obtained by 
dropping the reaction solution onto the slide. Raman spectroscopy is a quick 
and relatively straightforward technique for analysing the crystal phase of a 
number of samples. However, it cannot provide direct quantitative information 
about the degree of crystallinity or relative amounts of different phases in a 
mixed phase system. When materials are present on the nanoscale, the 
Raman peaks are broadened in accordance with the phonon confinement 
model or q vector relaxation model79. 
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3.5 Thermogravimetric analysis. 
Thermogravimetric analysis (TGA) is a test performed on samples to 
determine changes in weight as a function of temperature. The analyser 
usually consists of a high precision balance with a sample pan placed in a 
small electrically heated oven, with a thermocouple to accurately measure the 
temperature. Oxidation experiments are simply carried out in air. However, 
the chamber may be purged with an inert gas to prevent oxidation or other 
undesired reactions. TGA is commonly employed in research and testing to 
determine characteristics of materials such as polymers, to determine 
degradation temperatures, absorbed moisture content of materials, the level 
of inorganic and organic components in materials, decomposition points of 
explosives, and solvent residues. It is also often used to estimate the 
corrosion kinetics in high temperature oxidation. 
All TGA analyses reported herein were performed in air. The technique was 
used to determine the organic content of the TiO2 samples and to analyse the 
gain and loss in mass between the stages of reactions. A Pyris 1 
Thermogravimetric Analyser was employed. Approximately 5 mg of dry 
sample was analysed in each case. 
3.6 UVNisible spectrometry. 
Many molecules absorb ultraviolet (UV) or visible light. The absorbance of a 
solution increases as attenuation of the beam increases. Beer's law states 
that: 
A = Ebc 
A = the absorption. 
b = the path length. 
c = the concentration of the sample. 
E = extinction coefficient. 
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Different molecules absorb radiation of different wavelengths which 
correspond to the excitation of outer electrons. There are three types of 
electronic transition which can be considered: 
• Transitions involving p and s electrons. 
• Transitions involving charge-transfer electrons. 
• Transitions involving d and f electrons. 
When studying TiO2 using UVNis spectroscopy, we are concerned with the 
transitions of the d electrons. However, in the case of nanomaterials the size 
of the particle also has an effect on the absorption spectra and the smaller the 
particle the lower the wavelength of absorption (figure 16). 
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Figure 16 UVNisible spectrum of TiO2 crystals of different sizes80 . 
In these studies, UVNis analysis will provides information as to the size of the 
particles obtained and generally act as a quick check to make sure that 
nanostructured TiO2 is present and is adsorbing at the right wavelengths. 
UVNis spectra were obtained using a Perkin-Elmer Lambda 15 UVNis 
Spectrophotometer. A dilute solution of about 0.1 mg/mL in chloroform was 
used in all cases. 
4 	Hydrolytic synthesis of anatase TiO2 nanorods. 
4.1 Literature review. 
4.1.1 Hydrolytic sol-gel reactions and nanoscale TiO2 synthesis. 
Before undertaking a review of the history of sol-gel processes, an 
introduction to the basic chemistry involved is presented in the following 
paragraphs. 
The sol-gel synthesis method is based on inorganic polymerisation reactions. 
The sol-gel process includes four steps: hydrolysis, polycondensation, drying, 
and thermal treatment (annealing). Precursors of the metal or non-metal 
alkoxides first hydrolyze, and then undergo condensation with water or 
alcohols according to the reactions below (M = Si, Ti, Zr etc.): 
M—O—R + H2O 	M—OH + R—OH (hydrolysis) 
M—OH + HO—M 	M—O—M + H2O (water condensation) 
M—O—R + HO—M --+ M—O—M + R—OH (alcohol condensation) 
In addition to water and alcohol, an acid or a base can also help to hydrolyze 
the precursor. In the case of an acid, a reaction takes place between alkoxide 
and the acid: 
M—O—R + A—OH M—O—A + R—OH 
After the solution has been condensed to a gel, the solvent must be removed. 
Higher temperature calcinations are often required to induce crystallisation of 
the material and remove unwanted organic material. The size of the sol 
particles depends on the solution composition, pH, and temperature. By 
controlling these factors, one can tune the size of the particles. The 
publications outlined in the following pages give examples of the variety of 
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particulates it is possible to produce and the synthetic trends in particle sizes 
and shapes observed. 
The sol-gel process has been used to synthesize a huge variety of transition 
metal oxide particles81. This review will focus on the most commonly 
investigated, namely Si02 and Ti02, which are two of the most technologically 
useful. 
Interest in the sol-gel processing of inorganic ceramic and glass materials 
began as early as the mid-1800s with Ebelman82'83 and Graham's84 studies on 
silica gels. These early investigations realised that the hydrolysis of 
tetraethylorthosilicate (Si(OC2H5)4 or TEOS), under acidic conditions, yielded 
Si02 in the form of a "glass-like material"82. Fibres could be drawn from the 
viscous gel, and even monolithic optical lenses83 or composites formed83 
However, extremely long drying times of 1 year or more were necessary to 
avoid the silica gels fracturing into a fine powder, and consequently there was 
little technological interest. 
In the latter half of the 20th century, Roy and co-workers85,86,87,88 and the 
Matijevic89'90'91'92 group began to establish synthetic methods to improve the 
chemical homogeneity of the reaction mixtures and hence the monodispersity 
of the colloidal products obtained. Matijevic produced an enormous range of 
colloidal powders with controlled size and morphologies, including oxides 
(Ti02, a-Fe203, Fe304, BaTiO3, CeO2), hydroxides (AIOOH, FeOOH, 
Cr(OH)3), sulphides (CdS, ZnS), metals (Fe(III), Ni, Co), and various mixed 
phases or composites (Ni, Co and Sr ferrites), sulphides (ZnCdS), (PbCdS), 
and coated particles (Fe304, coated with a-KOH or Cr(OH)3). 
Most relevantly, they described a method for "the preparation of TiO2 sots 
consisting of spherical particles of narrow size distributions"93. The synthesis 
involved the aging of highly acidic (5.76 M) TiCI4 solutions containing sulphate 
ions at elevated temperatures (98°C) for long periods of time (2 to 47 days). 
They produced spherical particles of between 0.5 and 2 pm, depending on 
reaction conditions, see figure 17. They proposed a mechanism for the 
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particle formation and growth which considered the hydrolysis of titanium ions 
and the formation of strong titanium-sulphate complexes that slowly 
decompose on heating to yield hydrolysed titanium (IV) ions, which are used 
up in the particle growth. 
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Figure 17 TEM images of TiO2 sol particles prepared by Matijevic et a1.93 . (a) Obtained 
by aging for 37 days at 98°C a solution of 0.106 M TiCI4 in 5.76 M HCI which contained 
Na2SO4 to give [S04214114÷] = 1.9 and (b) Chromium-shadowed TiO2 sol particles 
obtained by aging for 16 days at 98°C a solution of 0.1 M TiCI4 in 4.9 M HCI which 
contained Na2SO4 to give [S041:[Ti4+] = 2.0. 
These investigations provided the groundwork for the sol-gel science of sub-
micron and nanoscale TiO2 particulates. In their 1982 publication94, Barringer 
and Kent stated that "the properties of an ideally sinterable powder to produce 
a theoretically dense single-phase ceramic are believed to be a fine size 
(between 0.1 and 1.0 pm), a narrow size distribution, an equiaxed shape and 
a non-agglomerated state". To tackle these issues they developed a synthetic 
technique via the controlled hydrolysis of a dilute alcoholic solution of titanium 
tetraisopropoxide (TTIP) or titanium tetraethoxide (TEOT). The reaction 
precipitated amorphous, hydrated TiO2 in 2 to 90 seconds at room 
temperature. The resulting powder compacts were vacuum-dried at 160°C 
and sintered in air at 800 — 1050°C. The particles they synthesised from TTIP 
(and TEOT) were amorphous and equiaxed, with a size of 70 — 300 nm (for 
TEOT - spherical, 300 — 600 nm). 
Parallel research on small TiO2 particle synthesis was simultaneously being 
carried out by M. Gratzel and co-workers. In studying the interfacial electron- 
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transfer processes95 and light induced water cleavage of colloidal systems 
they synthesised TiO2 colloids. The colloids were prepared by injecting a 
solution of TTIP in 2-propanol into acidified water. The particles were found to 
have a hydrodynamic radius, as determined by quasi-elastic light scattering 
experiments, of 20 nm (although there is no imaging analysis (TEM or SEM) 
to corroborate this evidence). Anpo et al. subsequently prepared TiO2 catalyst 
particles by slow injection of TiCI4 into acidified water96. The particle size 
varied with the calcination temperature of the dried powders and was as small 
as 3.8 nm (for powders dried at -25°C), up to 200 nm (for powders dried at 
-750°C). 
A report97, published in 1986, by B. E. Yoldas investigated the parameters 
affecting the molecular makeup and structural morphology of the TiO2 
samples obtained by hydrolytic condensation of titanium alkoxides. The 
mechanism of the reactions occurring and the gelling time of the solutions 
were discussed. A broad overview of the history and developments of all 
aspects of sol-gel processing until 1990 can be found in 'Sol-Gel Science: The 
Physics and Chemistry of Sol-Gel Processing' by C. J. Brinker and G. W. 
Scherrer81. Pages 42 to 59, in particular, reference the solution chemistry of 
metal alkoxide precursors. 
During the 1990s a large number of reports, concerning the optimisation of 
the synthesis of TiO2 nanostructures via sol-gel reactions, were 
published98,99,100,101,70.  Haro-Poniatowski et al. studied the evolution of the 
reaction of TTIP and water, using isopropanol as the solvent98. Dynamic light-
scattering measurements were made on the reaction solution and, using the 
Stokes-Einstein relationship, the variation in particle size was followed as the 
reaction proceeded (figure 18). It was observed that the steady state regime 
was of the reaction was reached after -36 min, resulting in a -59 nm average 
particle size. 
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Figure 18 The particle size and relative scattered intensity profiles are plotted for a 
sample prepared with the chemical composition of 1:1:75 (TTIP:Water:Isopropanol)98. 
The steady state regime was reached after 36 min and the average steady state radius 
is 59 nm. 
Cheng et al. prepared rutile nanorods and anatase nanoparticles via a 
hydrothermal reaction of TiCI4 in water99. They investigated, among other 
parameters, the effect of the concentration of TiCI4 (1.40, 0.88 and 
0.53 mol/dm3), temperature of reaction (85 — 220°C), pH (0 — 13, adjusted 
with KOH) and duration of the reaction. The phase and geometry of the 
products was found to vary with pH (figure 19), and this relationship has been 
studied in detail since102,103,104. 
   
A 
  
   
Figure 19 TEM images of TiO2 nanostructures obtained by hydrolysis of TiCI4 at 220°C 
for 2h at (a) pH 7.1 - pure anatase (b) 3.4 - anatase with no rutile and a small fraction of 
brookite, and (c) 0.0 - anatase with small fractions of brookite and rutile99. 
In 1999, two reports were independently published which studied, in depth, 
the mechanism of reaction and morphological development of TiO2 
nanocrystallites. The first, by Chemseddine and Moritz100, built on a previous 
study101 published by them in which, via the hydrolysis of TTIP by an aqueous 
solution of TMAH, highly monodisperse anatase nanocrystallites were 
synthesised. On varying the TTIP:TMAH ratio from R = 4:1 - 1:1 they were 
able to modify the aspect ratio of the nanorods obtained from 2 to 7, 
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respectively. The nanocrystals had corrugated sides which were thought to be 
due to an oscillatory repetition of (101) and (101) planes occurring in the 
formation of the rods. For low values of R (-0.8), highly monodisperse 
(13.5 nm diameter), hexagonally packed and hexagonally shaped 
nanocrystals were formed. In their discussion of these results the authors 
attributed the variation in particle shape to the difference growth velocities in 
the <101> and [001] directions. At high R values growth is favoured in the 
<101> direction, while at low R values the growth is favoured in the [001] 
direction. 
Penn and Banfield studied the coarsening and morphology development of 
anatase nanocrystals, which had been prepared by a sol-gel process, under 
hydrothermal conditions70. The anatase sols were first prepared by hydrolysis 
of TTIP under acidic (HNO3) conditions. The untreated anatase particles 
consisted of —5 nm diameter, equiaxed particles. XRD analysis showed that 
when treated hydrothermally, the nanocrystals do not coarsen 
equidimensionally. Rather, growth occurs in several stages involving different 
average growth rates in the [001] and <101> (see figure 20) directions. 
Initially, growth occurs predominantly along the [101], driven in part by the 
relatively high surface energy of (001), and in part by a kinetic effect involving 
a cyclic generation of highly reactive adsorption sites. The rapid growth along 
[001] depressed the <101> growth rate until the (001) surfaces shrink to a 
critical cluster size. Distinct growth stages are most clearly seen in the 
dependence of the ratio of the magnitude of average crystallite size along 
[001] to that along <101> with time. This ratio exhibits a maximum from 10 to 
50 h in response to slow growth along <101>, and the ratio decreases 
coincident with the acceleration of growth along <101>. 
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Figure 20 (a) Plot of average anatase size along the [001] and <101> growth directions 
after durations up to 285 h, derived from the peak broadening of XRD data. (b) Ratio of 
the average anatase size along [100]/<101>70 . 
In analysis of the results, Penn and Banfield related the morphological 
evolution of the nanocrystals to the reduction in surface energy which drives 
the reaction. It was stated that "preliminary growth from equidimensional 
primary particles is characterized by rapid development of morphology, 
resulting in formation of distinctly faceted crystallites dominated by 001) 
surfaces [figure 21.1]. This is followed by a period in which growth along [001] 
far exceeds growth along <101> and, thus, (001) faces are shrinking [figure 
21.2]. The fact that growth along <101> nearly stops during the period of rapid 
[001] growth suggests a solubility-limited system"70. It is now thought that the 
synthesis of many TiO2 nanorods proceeds via this mechanism, which will be 
discussed in relation to my experiments in due course. 
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Figure 21 Schematic diagram of the first stages of (1) nucleation and (2) growth in TiO2 
nanorods, as proposed by Penn and Banfield". 
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T. Kasuga et al. first reported a hydrothermal synthesis for 100 nm long TiO2 
nanotubes, based on the treatment of equiaxed TiO2 powders with a solution 
of Na0H(aq)105, 1°6.This reaction has been much studied since107,108,109,110, but 
has been shown to probably relate to the growth of titanate (TiOx.xH20) and 
not TiO2 nanotubes111. 
Cozzoli et al. demonstrated the controlled growth of high aspect ratio anatase 
TiO2 nanorods by the hydrolysis of TTIP in oleic acid (OLEA) as surfactant at 
temperatures as low as 80°C23. The nanorods were straight (branched rods 
were not reported), with dimensions of approximately 3 x 40 nm (figure 22). 
The paper also reported ligand exchange experiments, which had been 
performed in order to improve the solubility of the nanocrystals. 
Figure 22 (a) low resolution and (b) high resolution TEM images of anatase nanorods 
synthesised by reaction of TTIP (5 mmol) with an aqueous solution of 
tetramethylamino-N-oxide (TMAO) (2 M, 5 mL) using OLEA as a surfactant and solvent 
for 6 h at 100°C. The high resolution image is of a single nanorod and shows the 
growth orientation by identification of the lattice planes23. 
The authors discussed the mechanism of the reaction in detail and, like Penn 
and Bonfield°, attributed anisotropic growth to the difference in surface free 
energies of the various crystallographic planes. In addition to this, the use of 
surface ligands which bind selectively to the respective surface planes can 
also facilitate 1-D growth. A representation of the growth mechanism they 
proposed is displayed in figure 23: Initially precursors of TTIP and OLEA are 
formed, which already contain Ti-O-Ti linkages and can act as 'monomers' 
for the development of an extended Ti-O-Ti network. In this reaction a 
temperature of 80°C was necessary to force hydrolysis of the precursor. 
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This energetic barrier for hydrolysis was attributed to the steric hindrance of 
the OLEA/TTIP structure, the carboxylic chains can effectively hinder the 
attack of water at metal centres, which allows only the most exposed -OR 
groups to be primarily hydrolysed. Anisotropic growth is then likely to occur as 
the system is kinetically overdriven by an extremely high monomer 
concentration in the early growth stages, and the 'growth' step of the reaction 
was thought to be a surface process involving incorporation of TiO2 building 
blocks by means of successive condensations of -OR groups. This growth 
mechanism is known as 'oriented attachment' and had also been proposed as 
the mechanism in other studies of TiO2 synthesis112,113,66. 
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Figure 23 Mechanism proposed by Cozzoli et al. for the anisotropic growth of anatase 
nanostructures by the hydrolysis of TTIP, with OLEA as the surfactant23. 
The high crystallinity of the synthesised nanorods (obtained under relatively 
mild conditions), was thought to be promoted by the addition of the TMAO. It 
is proposed that amines may promote a chemical reversibility in the Ti-O 
bonding formation: Upon attacking the electrophilic Ti centre of a partially 
formed TiO2 network, and amine/alkoxy or amine/titanyl exchange can occur, 
thus resulting in a Ti-O bond breaking and forming. Defects incorporated into 
the growing TiO2 network could therefore be erased. The authors supported 
this hypothesis by drawing comparisons to other recent studies on alkoxy-
ligand exchange at room temperature and the formation of colloidal 
ammonium titanate solutions114,115,116, in which similar phenomena were 
investigated. 
Despite the plethora of research papers published in recent years analysing 
the growth mechanics and morphological development of sol-gel derived TiO2 
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nanostructures, to date there are no facile synthetic methods known for the 
production of highly monodisperse and highly crystalline (and phase pure) 
particles or high aspect ratio rods. Attempts have been made to separate 
(spherical) nanoparticles by their size in order to obtain monodisperse 
samples117,118,119. However, most are relatively complex and of a post-hoc 
nature (involving repeated re-crystallisations of a sample). The use of 
microfluidic technologies to overcome these problems and provide one step 
routes to monodisperse particles has recently come to light and will be 
discussed in the next section. 
4.1.2 Microfluidic technologies and applications to nanoscale 
synthesis. 
Microfluidic reactors, or 'chips', most commonly consist of a silica (or plastic) 
plate, onto which a pre-designed channel pattern is etched, typically using wet 
lithography120,121. A second silica plate can then be adhered to the top of the 
original plate, resulting in an enclosed channel. The channel's dimensions are 
typically —100 pm wide x —50 pm deep x tens of centimetres long (figure 24). 
Access to the channel is provided by drilling though the top-plate then 
attaching capillaries to the channels. Chips may have several inlet points, into 
which reactants are pumped at various rates. Through the course of the 
reaction, the chip may reside on one or more hotplates or cooling plates. 
Therefore, due to the high temperature gradients in such small volumes, the 
reaction solution can change temperature at rates of —30°C in 0.1 s. 
Reactions can either be followed Online, using in-situ spectroscopy 
(Raman122, UV123, IR124,  NMR125 etc.) or with post-hoc analysis of the outlet 
solution. 
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Figure 24 Photograph of a microfluidic chip, fabricated from silica, with a complex 
channel pattern and several inlet and outlet ports (Source: Aligent Technologies). 
Microfluidic systems have traditionally been used for biochemical and 
biological analyses and reactions, including the polymerase chain reaction126, 
DNA sequencing and separation127,128 and the study and control of cell 
growth129. These applications benefited from the precise thermal manipulation 
of the reaction solutions and highly accurate readings from ultra-small 
volumes of solution (typically <1 pL) inferred by microfluidic technology. A 
review, by G. Whitesides, of the origins (and predictions for the possible 
future) of microfluidics has recently been published13°. 
As mentioned previously, microfluidic technologies have recently been used 
for the synthesis of monodisperse nanoparticles. In conventional approaches 
to nanoparticle synthesis, the reactions are carried out in stirred macroscopic 
reaction vessels. Any variations in physical conditions across the reaction 
chamber (e.g. concentration or temperature gradients) are liable to influence 
the nature of the chemical product and in particular are likely to affect the size 
of the crystallites. In order to increase monodispersity, it is therefore 
necessary to eliminate local variations in reaction conditions, which is not 
trivial in a bulk reactor. Miniaturisation, on the other hand, affords a direct 
means of eliminating these local variations, as the entire volume can be held 
at a constant (uniform) temperature with chemical homogeneity being reached 
very quickly due to ultra-fast mixing times (on the order of milliseconds)131. 
The first report of nanoparticles being synthesised in microfluidic chips was by 
Edel et al., in 2002132. Cadmium sulphide (CdS) nanoparticles were 
successfully synthesised, by reaction of aqueous solutions of Cd(NO3)2.4H20 
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and Na2S in the microchannels. It was found that the process of miniaturising 
the reaction volume is sufficient to increase the monodispersity of the 
nanoparticles. They found that increasing the flow rate in the channels also 
increases the monodispersity, which they attributed to a decrease in particle 
coalescence at high flow rates and the existence of a more homogenous 
environment. The plot of absorbance spectra displayed below exemplifies this 
fact (figure 25): when the flow rate is increased, the onset of absorbance 
sharpens, therefore the range of band-gaps (and hence particle sizes) is 
decreasing. 
energy (eV) 
Figure 25 Absorbance spectra of CdS nanoparticles synthesised at different flow rates 
in a microfluidic reactor. Inset shows the spectrum for an analogous 'bulk' reaction132. 
Soon afterwards, the first report of TiO2 nanoparticles prepared using 
microfluidic chips was published133. Whereas the synthesis investigated by 
Edel et al. used aqueous solutions of reactants, this approach used two 
insoluble phases (cyclohexane and water) to create a laminar interface in the 
microchannel (figure 26a). The synthesis of TiO2 involved a standard 
hydrolysis with a TTIP solution in cyclohexane as one of the streams and 
pure, distilled water as the other. Anatase nanoparticles of —10 nm diameter 
were synthesised (although the degree of monodispersity of the product 
compared to a bulk synthesised product was not measured) (figure 26b). 
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Figure 26 (a) The stable interface of cyclohexane and water in the microchannel used 
to synthesise TiO2 nanoparticles (B) TEM image and SAED pattern (inset) of 
nanoparticulate Ti02133. 
In these early studies the adhesion of the freshly precipitated nanoparticles to 
the walls of the channel was a problem and could disrupt the flow of the 
reactants and, in severe cases, block the channel completely134. The 
synthesis of TiO2 nanoparticles in a novel microfluidic device was reported by 
Takagi et a1.135 . The new reactor consisted of coaxial dual pipes which, on 
supplying two immiscible liquids, would form an annular laminar flow 
(figure 27). 
ilinct tube fluid 
Figure 27 Schematic of the dual axle microfluidic device employed by Takagi et al. for 
the synthesis of TiO2 nanoparticlesla5. 
A TTIP in 1-hexanol solution was flowed through the inner tube and an 
isopropanol/water mixture down the outer tube. A qualitative increase in 
monodispersity was observed upon comparison of representative SEM 
images. However, a quantitative analysis of particle size was not performed in 
either case. 
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Several more high profile reports of nanoparticle synthesis were published 
soon after: Chan et al. prepared cadmium selenide (CdSe) nanoparticles of 
different sizes by varying the temperature, flow rate and concentration of 
reactants in microfluidic channels136. Although a high control over the mean 
particle size was achieved, the monodispersity had not improved over 
conventional synthetic methods. However, in Wagner and Kohler's synthesis 
of gold nanoparticles137 (by reduction of HAuCI4 by ascorbic acid), the authors 
observed size distributions which were, on average, two times narrower than 
those obtained by conventional methods. George Whitesides and co-workers 
published a report outlining the syntheses of a huge variety of polymeric 
particles138. The mechanism for size control is based on the formation of 
monodisperse droplets of liquid, rather than high chemical homogeneity. 
However, it served as a beautiful example of the power of microfluidics to 
produce large numbers of highly monodisperse particles (figure 28). 
Figure 28 Optical microscopy images of polyTPGDA particles: (a) microspheres (b) 
crystal of microspheres (c) rods (d) disks and (e) ellipsoids. Optical microscopy 
images of (f) agarose disks and (g) bismuth alloy ellipsoids produced using thermal 
solidification (inset: micrograph of the bismuth alloy ellipsoids at higher 
magnification)138. 
An informative review of the state-of-the-art of nanoparticulate synthesis using 
microfluidics was published in 2004139. First discussing the formation of 
nanoparticles, it then details how the miniaturisation of the reactant's volumes 
benefits the particle growth. Another, more recent, review in Nature covers a 
range of chemical and biological processes which have been performed on- 
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chip but also mentions the most recent developments of nanoparticle 
syntheses14°. 
To date, to the best our knowledge, there have been no reports of the 
synthesis of 1-dimensional, semiconductor nanostructures using microfluidic 
chips. It was not known whether the monodispersity and high degree of 
synthetic control inferred by performing reactions in microchannels would 
equally improve the synthesis of nanorods as opposed to particles. On the 
other hand, additional problems, often encountered when using microfluidic 
chip, such as blocking of the chips, could be exacerbated when synthesising 
one-dimensional structures. 
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4.2 Experimental Details. 
4.2.1 Experimental program. 
In light of the promising results achieved by Cozzoli et al.23 , experiments were 
performed in order to refine the synthesis to produce higher quality nanorods, 
and to understand more about the mechanisms and chemistry involved in the 
reaction. In addition, the standard bulk reaction was transferred to a 
microfluidic environment and the products compared. 
The difference in the volume of reagents involved, the batch or continuous 
nature of the reactions, and the durations of the reactions should be noted as 
important factors in the comparison of the two methods. 
4.2.2 Materials. 
Chemicals used: titanium tetraisopropoxide, TTIP (Sigma Aldrich, 99.9 %); 
oleic acid, OLEA (Sigma Aldrich, tech. grade - 90 %); trimethylamino-N-oxide 
dehydrate, TMAO (Fluka, purum - ?99 %); dichlorodimethylsilane 
(BioChemika, Fluka, -5 % in anhydrous heptane). 
4.2.3 Standard batch reaction. 
All bulk hydrolytic TiO2 synthetic procedures were performed employing 
standard batch synthesis methods. The apparatus is displayed in figure 29 
below. A two-necked round-bottomed flask in an oil bath was connected to a 
reflux condenser which, in turn, was connected to a vacuum 
(-1 mbar)/oxygen-free nitrogen (OFN) manifold line or Schlenk line. 
48 
nitrogen line 
vacuum line 
and trap 
water out 
water in 
rubber stopper 
oil bath 
hotplate 
Figure 29 Schematic of bulk TiO2 nanorod synthesis set-up. 
stirrer bars 
oil bubbler 
The syntheses were performed under a variety of conditions but all followed 
the same basic reaction scheme, which is outlined below: 
1. 35 g oleic acid (OLEA) dried under vacuum at 120°C for 1 h. 
2. Cooled to 90°C under nitrogen flow. 
3. 5.6 mmol of titanium tetraisopropoxide (TTIP) added using a syringe 
via the Suba seal and stirred for 5 min at a rate of —300 rpm. 
4. 0.5 M aqueous base solution of trimethylamino-N-oxide dehydrate 
(TMAO) (5 mL) injected. 
5. Temperature set as desired. 
6. Stirred, at —300 rpm, under nitrogen and reflux, for up to 22 h (in 
several experiments aliquots of solution were removed, via a syringe, 
during the reaction for analysis). 
7. Reaction terminated by cooling the flask to room temperature. 
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8. Product extracted by addition of excess ethanol, then isolated by 
centrifugation and further washed three times with ethanol. The off-
white solid obtained was first dried to obtain the yield and then re-
dispersed in either chloroform or hexane. 
The effects of reaction duration (0.5 to 22 hrs) and temperature (90 and 
150°C) on the yield, crystallinity and morphology of the products were studied. 
4.2.4 Microfluidic reactions. 
The reaction solutions: A - OLEA/TTIP (the solution obtained after stage three 
of the batch reaction) and B - TMAO (aq) (the solution added in stage four) 
were prepared in the same manner as for the batch experiments described 
above. Solution B was also degassed using standard freeze/pump/thaw 
techniques in order to prevent dissolved gasses emerging from solution on 
heating, causing disruption of the flow in the channel. 
All the microfluidic experiments were performed using a two input/one output 
glass 'chip'. Fabrication of the chips was carried out by S. Krishnadasan 
according to the following process: Microfluidic channel patterns were 
designed using AutoCad 2002 and fabricated using standard 
photolithographic, wet chemical etching and bonding procedures. In brief, the 
channel design was transferred to a positive photoresist coated chrome/glass 
substrate (Nanofilm, Westlake Village, CA, USA) using a direct write laser 
lithography system (DWL 2.0; Heidelberg Instruments, Heidelberg, Germany). 
The exposed regions of the photoresist were removed using a resist 
developer (Microposit 351, Shipley Europe Ltd, Coventry, UK). The chromium 
layer was then removed using a chrome etchant (Lyodyne, Microchem 
Systems Ltd, Coventry, UK). Channels were then etched into the substrate 
using a buffered oxide etching solution (HF-NH4F) at ambient temperature. 
The remaining photoresist was removed using dimethylformamide (DMF) and 
the chrome layer removed using chrome etchant. Once complete, the etched 
substrate was washed sequentially in methanol and DMF and then immersed 
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in H2SO4 for 1 hour. The substrate was washed with ultra-pure water at 
ambient temperature, and dried with N2 gas. Finally, a cover plate was 
thermally bonded to the substrate by heating the assembly at 550°C for 1 h, 
580°C for 5 h and 555°C for 1 h. The complete device was then allowed to 
cool for at least 8 hrs. Holes drilled in the top plate allow access to the fluidic 
network below. 
The structured microchannels had an average depth of 60 pm, width of 
100 pm and length of 40 cm. A photograph on an actual chip used in the 
experiments is displayed below (figure 30). 
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Figure 30 A photograph of a silica microfluidic chip, after use in an experiment. 
Copper piping and PEEK connectors were used to connect the chip to 
Hamilton gas-tight syringes, which were held by a syringe pump. A schematic 
of the experimental set-up and a diagram of the chip are displayed in 
figure 31. Initially a hotplate was used to regulate the temperature (a standard 
approach for microfluidic chips) but it was found that much more reproducible 
results were obtained by using an oven. The output from the chip was 
connected to the collection vial(s), which were either at room temperature, or 
cooled using dry ice or a peltier cooler (details below). 
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Figure 31 Experimental set-up employed to synthesise TiO2 nanorods using 
microfluidic chips. The inset shows the detail of the chip used. 
Solutions A and B were concurrently pumped into the chip at a volume ratio of 
2:1 (mimicking the ratio of reactants in the batch reaction). The immiscible 
solutions assumed a plug flow regime, with alternating plugs of reactant 
(-100 pm in length) flowing along the channel. The duration that the reacting 
solutions spent on-chip was varied between 1 and 30 minutes. The time spent 
on chip was calculated by dividing the total volume of the channel (-15 pL) by 
the combined flow rates of solutions A and B. The temperature of the reaction 
was varied between 85 and 150°C. Experiments were usually run for —20 h, to 
collect sufficient product. The resulting output solution was treated in the 
same way as for the batch experiments, with cycles of washing with ethanol 
and centrifugation. 
After several experiments had been performed, it became obvious that the 
microfluidic chips employed would occasionally block due to a build up of TiO2 
material deposited on the walls of the channels. The build up of material 
disrupted the flow of the reactants and when the channel had completely 
blocked, rendered the experiment useless. Therefore, a process of 
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silanisation on the channel walls was attempted, to generate a hydrophobic 
and hence less adhesive surface, discouraging deposition of the TiO2 and 
subsequent blocking of the channe1126. The process for silanisation was as 
follows: Firstly the microchannels were flushed with heptane in order to 
remove all humidity; secondly a dichlorodimethylsilane solution (5 % in 
anhydrous heptane) was flushed through the device; followed by another 
heptane flushing in order to remove all silane residues. The reaction between 
the silane and the walls of the silica channels is displayed below (figure 32). 
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Figure 32 Reaction for the silanisation of silica. 
This reaction was followed by a washing with distilled water. All these steps 
were performed in a fume hood each for 60 minutes with a flow rate of 
3 dal/min. After all these steps the microchannels were dried with nitrogen by 
connecting the inlet of the microfluidic device with a nitrogen cylinder for 
another hour. The reaction can be proven to be successful by analysis of the 
contact angle of water droplets on the surface or measurement of flow 
profiles. However, these procedures are not straightforward and were not 
undertaken in our case. Despite the silanisation process being performed, the 
chips would still occasionally block (and these experiments were discarded). 
In light of this, it was not deemed worthwhile to continue carrying out the 
silanisation process on the chips used. 
The products obtained from both bulk and microfluidic reactions were 
analysed by TEM, XRD and UV/vis and Raman spectroscopies. However, 
due to the small amount of sample obtained from the microfluidics 
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experiments, standard XRD powder analysis was not performed. Instead, a 
novel technique involving a single crystal XRD machine (specifications 
outlined in the section 3.3.1) was developed. A sample from a standard batch 
reaction was similarly analysed as a comparison. 
4.3 	Results and discussion of the bulk syntheses. 
4.3.1 Results. 
4.3.1.1 Standard Reaction. 
As the reaction proceeds and reactants stirred, the yellow, oily OLEA/TTIP 
phase and the colourless, aqueous TMAO phase are interspersed. The 
reaction occurs at the interface between the two phases. A white/grey 
precipitate is observed after —2 h of the reaction have passed. After a 
standard hydrolysis reaction of TTIP for 6 h at 90°C, 0.63 g of an off-white 
powder was obtained (this value corresponds to a titanium yield of —85 %, 
once corrected for organic content, as described below). On dissolution in 
hexane or chloroform, a grey/white clear suspension resulted. 
Analysis by TEM (figure 33a) shows that well dispersed 1-D nanorods are 
synthesised. The nanorods have a length of 25.9 ± 5.4 nm (± 20.8 %) and 
diameter of 3.3 ± 0.7 nm (± 21.2 %) (from statistical analysis of the TEM 
image), which corresponds to an aspect ratio of —8. The HRTEM image of a 
typical rod (figure 33b) confirms it to be a single crystal. Lattice spacings were 
measured as 3.45, 2.35 and 1.93 A, which correspond well to the inter-planar 
spacings of the {101}, (004) and {200} planes of anatase, respectively. The 
unidirectional growth occurs in the direction of the c-axis of anatase23. 
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Figure 33 TEM images at (a) low and (b) high resolution of anatase TiO2 nanorods 
synthesised in bulk by hydrolysis of TTIP at 90°C. 
The dry powder of this sample was then analysed with Raman spectroscopy, 
the spectrum of which is displayed below (figure 34). The three dominant 
peaks at 404 cre, 512 cm-1  and 637 cm-1  are indicative of the anatase phase 
of Ti02. The smaller features which can be observed at 367 cm-1  and 
575 cm-1  are most likely due to a small amorphous content in the materia1141. 
There is a significant background to the peaks which is likely to be due to 
oleic acid and a small amorphous TiO2 component. 
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Figure 34 Raman spectrum of a sample of TiO2 nanorods, synthesised by the 
hydrolysis of TTIP with oleic acid. 
X-ray powder diffraction also confirms the presence of anatase; the diffraction 
pattern is indexed in figure 35. The hump with its onset at 29° is due to a 
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small amorphous content in the material. However, the small peak at 45° 
cannot be accounted for by either anatase, rutile or brookite and is possibly 
due to the presence of a small fraction of an unidentified titanate (TiO..xH20) 
phase. 
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Figure 35 XRD spectrum of a dry sample of TiO2 nanorods, synthesised by the 
hydrolysis of TTIP with oleic acid. 
The peak broadening associated with the ,small size of the crystals can be 
analysed by using the Scherrer formula. The {101} and (004) peaks (at 29 
—25° and —38°, respectively) give sizes of 7.9 nm and 20.3 nm respectively; 
indicating a rod-shaped morphology with the c-axis of anatase parallel to the 
rod axis. These values correspond quite well to the measured sizes from the 
TEM images. However, it is well known from diffraction theory that the 
Scherrer formula is biased towards larger particles because it measures the 
volume rather than the number weighted average75. In addition, the size of the 
crystal repeat determined by the {101} peaks does not refer directly to the 
diameter of the nanorods: The normal of the {101} planes in fact lie at 21.7° to 
the c-axis of anatase, as described in the diagram below: 
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c-axis 
0011 plane 
measured 
distance for 
(1131) repeat (7.9 nrn) 
21.7' 
required distance 
(diameter of 
nanorod). 
The diameter of the nanorod 
(x) can he calculated by the 
following: 
cos 21.7 = x/7.9 
Therefore: 
x = 7.3 nm 
Figure 36 Schematic representation of the calculation of nanorod diameter from the 
length of the {101} repeat. 
Thus the {101} repeat distance should be corrected by cose (which equals 
0.93) to estimate a diameter of 7.3 nm for the nanorods. Due to the 
corrugated nature of the walls of the nanorods (due to their formation 
mechanism, see section 4.3.2), this distance is also likely to refer to the 
maximum diameter of the nanorods, rather than their average diameter. 
Thermogravimetric analysis (TGA) enabled the percentage of inorganic (TiO2) 
content in the product to be determined (figure 37). A powder sample was 
heated to 500°C at 10 °Cmin-1 : Between 50 and 200°C volatile solvents are 
lost, accounting for —8 wt%; above 250°C the oleic acid is burnt off, 
accounting for —30 wt%, leaving a TiO2 content of —62 wt%. This value can 
then be used to determine the moles of Ti present and hence calculate the 
overall yield for the synthesis. 
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Figure 37 TGA plot for the oxidation of a dry TiO2 nanorod sample. 
As many of the potential applications of nanoparticulate TiO2 rely on UV light 
absorption, UVNis analysis was carried out to confirm that nanoscale TiO2 
was present. The spectrum obtained is displayed below (figure 38) and 
exhibits a blue-shifted onset of absorption at —360 nm, typical of TiO2 particles 
of below 10 nm in size142. 
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Figure 38 UVNis absorbance spectrum of TiO2 nanorods in a hexane solution. 
The preceding set of data confirms the successful synthesis, after 6 h at 90°C, 
of a 'standard product' of anatase TiO2 nanorods. The structures have an 
58 
100 
90 -
80 -
70 - 
p 60 - 
5,  50 - 
6-L,' 40 -
30 -
20 -
10-
0 
average length of -25 nm and an aspect ratio of -8 and are consistent with 
the previous work of Cozzoli et al.23. 
4.3.1.2 Effect of reaction duration. 
The progress of TiO2 nanoparticle growth during the course of the reaction 
was studied in further detail. The synthetic procedure was followed as for the 
standard reaction. However, after the addition of the TMAO(aq), aliquots of 
solution were removed, with a syringe, from the flask after 0.5, 1, 2, 3, 4, 5 
and 6 hours. The solution was then aged for a further 16 h, resulting in a 22 h 
sample. 
The 0.5 h and 1 h samples were centrifuged and treated in the same manner 
as before. However, no solid product was isolable before the reaction had 
proceeded for at least 2h. The TiO2 yield, calculated by first removing the 
surfactant and excess moisture by oxidation from each of the samples (as 
described above), is plotted in figure 39. The yield after this time was -5 % 
and increased rapidly after approximately 3 h to reach a plateau after 6 h of 
-85 % and a maximum after a reaction time of 22 h of 87 %. 
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Figure 39 A plot of TiO2 yield vs. duration of experiment for the hydrolytic synthesis of 
Ti02. 
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TGA in air, to 600°C, was performed on samples obtained after 3 h and 22 h 
(the data from the previous 6 h reaction is used as a comparison, see 
figure 37) in order to assess the amount of organic material present 
(figure 40). It can be seen that the organic content of the 3 h sample is —65 %, 
whereas it is —37 % in the 6 h sample and just —27 % in the 22 h sample. 
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Figure 40 TGA plots comparing the weight loss (at up to of 600°C) samples 
synthesised for 3 h (green plot), 6 h (blue plot) and 22 h (red plot). 
Corresponding XRD patterns confirm the anatase polymorph in each case 
(figure 41 — the plots are offset by an arbitrary amount for clarity). The peaks 
increase in intensity on moving from the 3 h sample to the 22 h sample, which 
suggests the crystallinity of the nanorods increases as the reaction 
progresses. However, there is little change in the FWHM of the both the {101} 
and (004) peaks in all samples, which suggests that the size of these crystal 
phases remains more or less constant throughout the period of the reaction. 
The peaks at 29° and 45° are present in similar intensities on each pattern, 
suggesting that a consistent fraction of amorphous material and titanate is 
retained, even after a reaction duration of 22 h. 
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Figure 41 XRD spectra of powder samples after 3, 6, and 22 h of a TiO2 nanorod 
synthesis. 
Raman spectroscopy also confirms that the nanorods are anatase (figure 42, 
peaks present at 403, 514 and 638 cm-1). On comparing the three plots, there 
is not an obvious increase in intensity of the 402 cm-1  peak over time. 
However, if the background is subtracted, an analysis of the 514 and 638 cm-1  
peaks indicates that the intensity almost doubles on going from 3 to 22 h. The 
increased intensity of the peaks with increasing time implies that the 
crystallinity of the samples improves through the course of the reaction. These 
conclusions in relation to crystallinity corroborate well with the data obtained 
from XRD analysis. The onset of the broad peak below 300 cm-1  is due to 
oleic acid and is present in similar intensities in all cases. 
638 au 1  
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Figure 42 Raman spectra for 3, 6, and 22 h samples of a hydrolytic synthesis of TiO2 
nanorods. 
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TEM analysis provides further information. After a reaction of 2 h, a few 
nanorods and nanoparticles can be discerned, although there is a large 
amorphous content present (figure 43a). As previously discussed, after 6 h, 
25 nm long TiO2 nanorods are observed (figure 43b). When the reaction has 
proceeded for 22 h, branched nanorods are also visible in addition to straight 
rods. High resolution images of two such structures are displayed in figure 
43c and d. The structures are either Y or X shaped, with 3 or 4 branches 
respectively. The branches are -3.5 nm in diameter (similar to the diameters 
of the straight rods) and remain crystallographically coherent such that each 
branched structure appears to be a single crystal. 
Figure 43 TEM images of the TiO2 products obtained after reaction of (a) 2 h (b) 6 h and 
(c) 8, (d) 22 h. 
UV absorbance spectra are displayed in figure 44. Pure TiO2 is almost 
completely transparent across the visible region and only absorbs radiation 
with a wavelength below -360 nm, with very strong absorbance below 
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310 nm. The 2 h sample exhibits strong absorbance across the UV range 
(<400 nm), which increases slightly below 340 nm. The lack of sharp 
absorbance onset indicates that very little TiO2 has formed at this stage of the 
reaction. The peak could also be due to absorbance by TTIP, which has a 
weak onset at -350 nm; similar to that observed. Oleic acid does not absorb 
above 260 nm so the background absorbance must be due to either 
preliminary complexes formed by the OLEA and TTIP (which have a yellow 
colour), or by scattering by aggregated material in suspension. After 3 h, the 
sample still exhibits strong absorbance across the UV range. However, the 
onset of the peak is much stronger than for the 2 h sample, indicating that 
TiO2 is now present in higher concentrations. The signals from the 4, 5 and 
6 h samples are similar to each other, with virtually no absorbance above 
360 nm, then a sharp onset at -330 nm; indicating that the solution consists of 
well dispersed, nanocrystalline TiO2 material. The inset displays an expanded 
portion of the plots and indicates that the absorbance onset in the 4, 5 and 6 h 
samples moves to marginally longer wavelengths. The shift is consistent with 
the change in morphology (particles/short rods after 4 h, then longer rods after 
6 h) observed by TEM, corresponding to a slight reduction in electron 
confinement. It is known that, like other nanoparticles, larger TiO2 structures 
absorb at longer wavelength142 
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Figure 44 UV absorbance spectra of TiO2 products after between 2 and 6 h of reaction. 
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4.3.1.3 Effect of reaction temperature. 
The reaction performed at 150°C resulted in nanorods with a comparable 
diameter to those synthesised at 90°C (figure 45, c.f. figure 43b). However, 
after statistical analysis of the image, it was confirmed that the average length 
after synthesis at 150°C is 12.9 ± 8.9 nm (± 69.0 %). On comparison to the 
length data for a synthesis at 90°C (25.9 ± 5.4 nm (± 20.8 %)) it is observed 
that the nanorods produced at higher temperature have both a shorter mean 
length, and are more polydispersed. 
Figure 45 TEM image of TiO2 nanorods synthesised in a hydrolytic environment at 
150°C. 
Raman spectra were also obtained to compare the crystallinity of the samples 
(each having undergone a 6 h reaction), which are displayed in figure 46. The 
peaks for the reaction performed at 150°C are marginally stronger than those 
for the 90°C reaction, possibly indicating a higher crystallinity. However, the 
difference is too small (and possibly within experimental error) for reliable 
conclusions to be drawn. 
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Figure 46 Raman spectra comparing samples obtained from reaction carried out at 
90°C (grey plot) and 150°C (black plot). 
4.3.1.4 Effect of varying the catalyst. 
TMAO was established in preliminary investigations to be the most reliable 
base. Experiments with tetramethylammonium hydroxide (TMAH) and 
tetramethylammonium (TMA) produced only spherical particles or amorphous 
material (data not presented here), whereas the use of TMAO always 
produced some particles with a higher aspect ratio. In preliminary experiments 
the amount of base used was varied but did not seem to have a measurable 
effect on the rate of formation or resultant quality of the product. 
4.3.2 Discussion. 
During the 22 hours of a reaction, the morphology of the TiO2 nanostructures 
progressed from O-D nanoparticles (after -2 h) 	short nanorods of low 
aspect ratio (after -4 h) 	longer nanorods with a high aspect ratio (6 h) S-
and 4-branched nanostructures (22 h). This evolution is thought to occur due 
to oriented attachment of the TiO2 particles, on the (001) faces, in the early 
stages of the reaction, then attachment of the rods, on the {101} faces, 
themselves after -6 h. This mechanism can be deduced from the yield data 
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presented in figures 39 and 40: The TiO2 yield only increases slightly between 
6 h (85 %) and 22 h (88 %), hence the mass of TiO2 in the system increases 
by only —3 % in this time period. Therefore, because the branched 
nanostructures are 3 — 4 times more massive than the straight rods, they must 
be formed by the oriented attachment of individual rods, rather than continued 
growth. Although such a mechanism requires accurate orientation of the 
component particles, their small size aids mobility. There is precedent in the 
literature for this process, as described previously". 
As discussed above, initially small TiO2 precursors are formed by the fast 
hydrolysis of TTIP. The oleic acid present promotes the controlled and 1-
dimensional growth of the TiO2. For example, TTIP reacts vigorously with 
water at low temperatures in organic solvents but doesn't produce nanorods. 
The long carboxylic chains (originating from the oleic acid) of the 
OLEA—TTIP precursor can effectively hinder the attack of water at metal 
centres allowing only the most exposed —OR groups to be primarily 
hydrolysed. The OLEA also binds selectively to certain faces of the TiO2 
complex and the combination of these factors encourages the anisotropic 
growth observed (Cozzoli et al. have shown that performing the reaction in 
OLEA/alkane mixtures, for equivalent time periods, results in a mixture of 
zero-dimensional particles and low aspect ratio rods23). Once rods are formed 
they continue to grow in length as, promoted by a loss of surface energy, they 
attach to each other. This attachment can either occur between the (001) 
faces of two nanorods (resulting in a straight rod) or between the {101} faces 
(resulting in a branched rod). Clearly (001) attachment is favoured in the initial 
stages, as it dominates until the reaction saturates at around 85 % yield. 
Reactions of beyond 22 h in duration were not performed so it is not known 
whether a higher proportion of branched structures could be achieved. 
The easy crystallisation process in the mild conditions of this study (at as low 
a temperature as 85°C) can be attributed to a specific action by the bulky 
TMAO catalyst employed in the reaction. Amines may promote a chemical 
reversibility in the Ti—O bonding formation: Upon attacking the electrophilic Ti 
centre of the alkoxide precursors or of a partially formed TiO2 network, an 
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amine/alkoxy or amine/titanyl exchange can occur, thus resulting in Ti—O 
bond breaking and forming. Defects incorporated in the growing TiO2 network 
can therefore be annealed easily143 (figure 47). 
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Figure 47 Mechanism of catalyst (TMAO) action in Ti-0 bond breaking and reforming. 
It is thought that the mechanism of the nucleophilic attack of TMAH and TMA 
would have a similar effect on the formation and annealing of the TiOX  
network. Hence the TiO2 nanostructures obtained when employing these 
catalysts are probably as crystalline as those obtained with TMAO. However, 
it is not known why the products obtained from experiments with TMAH and 
TMA resulted in low aspect ratio growth, as they have a very similar structure 
and nucleophilic strength to TMAO. In light of these shortcomings, it was not 
deemed worthwhile to continue employing these bases and TMAO was 
subsequently used in all experiments. 
As exhibited by the XRD and Raman analysis of the samples, the degree of 
crystallinity of the nanostructures increases over the duration of the reaction. 
It is particularly worth noting, on the XRD plots, the loss of the large broad 
peak, due to the amorphous content in the 2 h sample, in the plots of longer 
duration samples. This improvement in crystallinity is due to the process 
described above, although there is also a contribution from the oriented 
attachment process that removes the disorder associated with the interfaces 
that are eliminated. It is probably not possible to separate the two processes. 
Hence, if a purely straight nanorod product is desired, it may come at the 
expense of the highest possible crystallinity. The highest aspect ratio 
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nanorods obtained under current conditions occur at 6 h. Because the 
branches of the structures formed at long reaction times are of similar length 
to the 6 h nanorods, it is thought that this is the maximum aspect ratio 
obtained through the course of the reaction. Variation of the ratio of 
TMAO:OLEA was not investigated, however, a difference in the catalytic 
effect of the TMAO and the passivation effect of the OLEA might allow for 
longer and more highly crystalline nanorods to be synthesised. 
TGA above 250°C relates to OLEA content and shows a systematic reduction 
with reaction time. This loss of organic material is due to gradual removal of 
alkoxy and oleic acid chains from TiOX during crystallisation, both of local 
defects and due to elimination of interfaces during oriented attachment. 
When experiments were performed at 150°C (as opposed to the usual 90°C) 
no significant difference in the time of reaction or the TiO2 material recovered 
was observed. On comparing the Raman spectra of the 90 and 150°C, the 
150°C exhibits slightly sharper peaks, indicating a slight increase in 
crystallinity. However, TEM images of the 150°C displayed nanorods of very 
similar morphology to those synthesised at 90°C under otherwise analogous 
conditions. Due to the reaction temperature being above the boiling point of 
water (100°C), experiments conducted at 150°C were subject to heavy reflux. 
This disruption of the reaction mixture resulted in very poor homogeneity in 
temperature and concentration gradients across the reaction vessel, which 
favours polydispersed nanoparticle synthesis. The energy requirement is also 
higher at elevated temperatures. Because of these factors, it was decided not 
to advance the investigations into higher temperature reactions as the minimal 
gains in crystallinity were not deemed substantial enough to warrant the extra 
energy input. 
4.3.2.1 Suitability of the TiO2 nanorods for applications. 
The experiments outlined above were performed to refine the quality of TiO2 
nanorods, which have the potential to be employed in a variety of 
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applications. One sample of straight nanorods was incorporated into a test 
organic solar cell to investigate its suitability (solubility and dispersability) and 
performance (charge transfer properties and electron/hole recombination half 
times) in this application (fabrication and testing of solar cell carried out by 
Johann Boucle). In brief, a sample of TiO2 nanorods, derived from a 6 h 
reaction, was added to a solution of poly-3-hexylthiophene (P3HT) in 
chlorobenzene. This solution was then deposited onto a poly(3,4-
ethylenedioxythiophene) (PEDOT) film, which was subsequently deposited 
onto an indium tin oxide (ITO) substrate. The TiO2 film exhibited an 
absorbance peak at 550 nm, due to the P3HT and a large onset, typical of 
nanoscale TiO2, below -350 nm. The photoluminescence spectrum was also 
obtained and displays a peak in the luminescence at -730 nm. Upon 
incorporation into the cell, the charge transfer was measured resulting in a 
max DOD of 3.5, with a recombination time of 0.5 ms. However, the external 
quantum efficiency was low, with a maximum of 0.1 % at 400 nm. The results 
confirm that the TiO2 nanorods samples produced are indeed suitable for 
incorporation into solar cells. However, the dispersion of the nanorods in the 
polymer matrix needs improvement, which could involve a different solvent, 
using an ultrasonic probe or annealing the sample. Unfortunately (due to time 
constraints), it was not possible to also test a sample of branched nanorods 
and compare the performances. It might be expected that, due to the 
increased connectivity associated with branched structures, possibly resulting 
in less electron/hole pair recombination, these solar cells would exhibit higher 
performance. 
4.4 Microfluidic reactions. 
4.4.1 Results. 
Microfluidic reactions were performed at temperatures between 85 and 150°C 
and duration on-chip of between 1 min and 30 mins. It was discovered that 
highly crystalline anatase nanorods were synthesised with a duration of as 
little as 10 mins on-chip at 90°C (c.f. minimum reaction time of 2 h for bulk 
experiments). A precipitate could only be isolated if the temperature was 
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above -85°C and the time-on-chip above 10 mins. Difficulties arose if the 
temperature was too high, as above 100°C boiling of the aqueous phase in 
the channel caused severe disruption of the flow. In addition, if the duration 
on-chip was too high (above -20 mins) the reaction solutions began to deposit 
the TiO2 on the walls of the channel, leading to disruption of the reactant flow 
and eventually complete blockage. The results from these experiments are 
not worth discussing in detail and are not presented. As described above, 
efforts were made to counter the problem, but without success. In 
experiments performed for between 10 and 20 mins on chip, no variation in 
the morphology (i.e. size of nanorods or degree of bunching) of the product 
was observed. Hence, reactions of 10 mins on-chip were studied most 
closely. 
A typical reaction, run at 90°C, with the reactant solution spending 10 mins in 
the channels of the chip, successfully synthesised aggregates of TiO2 
nanorods. The volume of solution recovered was approximately 2 mL, which, 
after washing and processing, produced -15 mg of material. This value 
corresponds to a titanium yield of approximately 35 %. A TEM image of the 
aggregates obtained is displayed in figure 48. The distribution of aggregate 
sizes is very broad - isolated, single nanorods are present, whilst the largest 
clusters are up to -200 nm in length and -30 nm in diameter. The inset 
displays an SAED pattern which contains rings corresponding to 
polycrystalline anatase. A HRTEM image of an aggregate is displayed in 
figure 48b, the insets display a selected area electron diffraction pattern of the 
cluster and a lower resolution image in which the entire cluster can be seen. 
The nanorods are not crystallographically continuous but are roughly aligned 
along their growth axis (the c-axis). From the SAED it is possible to estimate, 
from the spread of diffraction spots, that the nanorods in the cluster are 
aligned to within ±25°. 
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Figure 48 TEM images of 'bunches' of TiO2  nanorods obtained after reaction in a 
microfluidics chip: (a) A low resolution image, inset displays the SAED pattern, 
confirming the anatase polymorph (b) a high resolution image in which the crystalline 
nature of the individual nanorods is discerned, the insets display the corresponding 
SAED pattern and a low resolution image of the bunch. 
A sample obtained from microfluidics experiments was also analysed using a 
single crystal XRD diffractometer. For comparison, the spectrum obtained is 
displayed alongside the spectrum of a typical sample prepared in bulk using 
conventional powder XRD (see figure 35 for original) (figure 49). Due to the 
different X-ray sources used (single crystal diffractometer uses a molybdenum 
source and the powder diffractometer uses a Cu-Ka source) the patterns must 
be displayed as intensity vs. d-spacing, as opposed to intensity vs. 28, to 
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enable a direct comparison. Like the bulk sample (solid plot), the microfluidic 
sample (dashed plot) exhibits peaks corresponding to anatase. Due to 
broadening of the peaks associated with wavelength dispersion inherent in 
the X-ray source, Scherrer analysis was not able to be performed on this 
spectrum. This novel technique proved to be a successful method for XRD 
analysis of small volumes of crystalline powder. The Lindemann tube does not 
interfere with the measurements and the sample loading is relatively 
straightforward. 
d-spacing (A) 
Figure 49 XRD patterns of a TiO2 nanorod sample synthesised using microfluidic chips 
(dashed plot) and on the bulk scale (solid plot). The standard pattern for anatase is 
provided as a reference. 
Thermogravimetric analysis was performed in air, to a temperature of 450°C, 
on a dry sample synthesised on-chip (figure 50). It can be observed that the 
oxidation of organic material begins at about 250°C. The organic content 
accounts for —27 wt% of the mass of the product, indicating that the sample 
consists of —73 % inorganic material. This figure can be used to infer the total 
TiO2 yield of the reaction, which is —35 %. The plot is quite noisy, which is due 
to the small sample mass used. 
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Figure 50 TGA plot of a TiO2 sample synthesised using microfluidic chips. 
Clearly TiO2 nanorods are produced during the reaction. However, there is a 
question as to whether the TiO2 is synthesised on the chip, during the 
residence time, or subsequently during the collection period in the collection 
vial. A number of experiments were undertaken to clarify this point. 
On-line UV absorbance measurements were taken at a point in the 
microfluidic channel, just prior to the exit pipe. The spectrum obtained 
(figure 51) features some absorbance in the visible region, due to scattering 
from aggregated material. However, the sharp onset associated with 
nanocrystalline TiO2 is present at —360 nm. This result confirms that the TiO2 
nanorods are indeed being completely synthesised in the channels of the 
chip, rather than in the collection vial. 
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Figure 51 UV absorbance spectrum derived from on-line analysis of the TiO2 material 
present just prior to the exit of the microfluidic chip. 
In addition, 'wet' Raman analysis was performed by collecting a drop of 
reaction solution on a glass slide as it exited the output tube. This drop was 
then analysed using routine Raman spectroscopy. A drop of solution from a 
standard 6 h batch reaction was also analysed in this manner as a 
comparison. The spectrum obtained (figure 52, grey plot) was compared to 
that obtained from a droplet removed from a 6 h batch reaction (figure 52, 
black plot). Since neither sample had been washed or processed in any way, 
the unreacted titanium precursors and bulk oleic acid are still present, and the 
concentrations are low. Hence the spectra are very 'noisy' and the TiO2 peaks 
are barely discerned. The three principle anatase peaks (represented by 'A' at 
—397, 510 and 650 cm-1) can just be observed amongst the oleic acid peaks 
(represented by '*' at —240, 595 and 720 cm-1). The similarity of these spectra 
and of the various products further support the fact that anatase nanorods are 
being indeed synthesised on the chip, and that the synthesis is continuous in 
nature. 
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Figure 52 Raman spectra comparing (grey plot) a drop of reaction solution directly 
after exiting the chip and (solid plot) the reaction solution after a 6 h batch reaction. 
Anatase peaks (at -397, 510 and 650 cm-1) are represented by 'A' and oleic acid peaks 
(at -240, 595 and 720 cm-1) are represented by "'. 
As a further test to confirm on-chip synthesis, the exiting solutions were 
`quenched' with a peltier cooler (-5°C) or with dry ice (-80°C), freezing the 
solution and preventing further reaction during the 20 h collection period. The 
samples were then rapidly purified and dried. The products, as observed by 
TEM, are very similar for quenched and un-quenched samples (figure 53), 
providing more evidence that reaction is indeed taking place on-chip. 
Figure 53 TEM image of a small bunch of TiO2 nanorods formed on-chip and then 
quenched by dry ice. 
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In none of the experiments performed on chip were the nanorods obtained 
predominantly separated and no methods to break up the bunches (including 
ultra sonication, solvation and thermal treatment) were successful. The 
possible reasons for agglomeration and other issues surrounding 'on-chip' 
synthesis are discussed in the next section. 
4.4.2 Discussion. 
TiO2 nanorods were successfully synthesised on-chip; however, in all cases 
the rods were agglomerated. It is not fully understood why the nanorods form 
these bunches in the first place and what accounts for the variation in their 
size. It is thought that bunches are formed due to high concentrations of newly 
formed nanorods at the interfaces on-chip, during rapid synthesis. The range 
of sizes found in bunches most likely occurs because rods (and hence 
bunches) synthesised near the inlet of the channel have a longer duration in 
which to aggregate and will hence forrri larger bunches than the rods 
synthesised near the outlet of the channel. 
The TiO2 yields obtained were low, —35 % compared to —80 % for bulk 
hydrolytic reactions. This reduction in yield is probably a by-product of the 
increase in reaction rate and although some crystalline material is present 
after 10 minutes, a fraction is still in the amorphous state. The cumulative 
distribution function of the bulk yield curve (figure 39) was differentiated to 
derive the rate of reaction (i.e. crystallisation of Ti02) (figure 54, solid line)). A 
schematic of the corresponding curve for a microfluidic reaction is also 
displayed (dashed line). In the microfluidic case the peak is higher as the 
reaction occurs much faster than in the bulk reaction. The peak is thought to 
be at approximately 20 minutes (duration on-chip), which is derived from the 
—35 % yield obtained after 10 minutes on-chip. Therefore with a longer time 
on-chip, —40 minutes, higher yields could be obtained. However, experiments 
on this timescale were attempted but proved unsuccessful due to blocking of 
the channels. 
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Figure 54 Schematic comparison of the rate of crystallisation in microfluidic and bulk 
reactions. 
However, despite the agglomeration and yield issues just discussed, highly 
crystalline anatase TiO2 nanorods are formed, in the channels of micrometer 
dimensions, in just 10 minutes at 90°C. This result translates to a roughly 
tenfold increase in the rate of reaction when compared to a conventional bulk 
synthesis. This increase is most likely attributed to the rapid mixing conditions 
in the microchannels. In a bulk reaction, the phase domains (OLEA/TTIP and 
TMAO(aq)) are millimetre-sized and complete mixing of the reagents is 
relatively slow. In the channels of the chip, the linear dimensions of the 
domains are at least an order of magnitude smaller, resulting in a higher 
interfacial area, and short diffusion distances. The rapid mixing may be 
particularly significant, as the rate of reagent addition was previously reported 
to control product morphology23. Another explanation for the increased 
reaction rate on-chip is that, due to the high heat transfer, the reaction 
solutions reach the reaction temperature almost immediately. In the batch 
reactions, the addition of solution B (at room temperature) lowers the 
temperature of the mixture significantly. However, since the mixture returns to 
the intended reaction temperature within a few minutes, this effect cannot 
explain the observed change in overall rate, but may affect nucleation. In the 
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case of microfluidic reactions, rapid nucleation at the large areas of interface 
is likely to lead to local high concentrations of nanorods that subsequently 
aggregate. Unlike the slow, oriented attachment observed at long times in the 
batch reaction, the bunched aggregates obtained on chip are not 
crystallographically coherent, but are loosely aligned along their common axis, 
consistent with a more rapid agglomeration process. 
Although the rate of reaction was increased upon performing the synthesis in 
microfluidic chips, the anticipated increase in monodispersity was not 
discernable. The sizes of nanorods contained within the bunches could not be 
accurately measured. In addition, despite the presence of occasional single 
nanorods amongst the agglomerates, there was not a high enough 
concentration to allow a rigorous statistical analysis of the size distribution. 
However, it is possible that there has been no improvement as the rods are 
formed by oriented attachment, a mechanism by which the growth of 
nanorods which will be less affected by the degree of homogeneity in the 
reaction mixture. 
4.5 Summary. 
The principle achievements of these studies were the synthesis of highly 
crystalline rod-shaped and branched TiO2 nanostructures on the bulk scale 
and the novel synthesis of one-dimensional nanostructures using microfluidic 
chips. The overall advances made in the understanding of the synthesis of 
TiO2 nanorods and the issues surrounding the use of microfluidic chips will be 
discussed in the conclusions. In the next section a description of another 
synthetic method for the production of TiO2 nanorods in solution is described. 
Both quantitative and qualitative comparisons of the two will also be made in 
the conclusions. 
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5 	Non-hydrolytic synthesis of anatase TiO2 nanorods. 
5.1 Literature review. 
As has been discussed previously, in section 4.1.1, the sol-gel synthetic route 
to nanoparticulate TiO2 has most commonly involved the hydrolysis of 
titanium compounds such as alkoxides and halides, in which water acts as an 
oxygen donor83'84. However, the non-hydrolytic method has been found to 
offer several advantages to hydrolytic syntheses, which are explained below. 
Research interest to optimise the processes is growing, and the products are 
beginning to rival hydrolytic products in control over the size, morphology and 
crystal phase, and hence optical and electronic properties, of the 
nanostructures. 
The non-hydrolytic sol-gel route involves the reaction of a metal halide with an 
oxygen donor such as an alkoxide, ether, alcohol and so forth, in non-
aqueous conditions, to form an inorganic oxide. The by-product of the reaction 
is commonly an alkyl halide, whose structure depends on the precise nature 
of the oxygen donor molecule. A non-hydrolytic condensation preparation of 
silica had been reported as early as 1956 by W. Gerrard and K. D. Kilburn144. 
In these studies, silica was obtained by reaction of silicon chloride with a 
variety of tetra-alkoxysilanes (figure 55), at 60°C, in sealed vials: 
60 °C 
SiCI4 + Si(OR)4 	2 Si02 + 4 RCI 
dajs 
R = 	PliCH3CH, PhCHCHCH2, Ph,CH, Ph2CH3C 
Figure 55 Reaction scheme for the synthesis of silica from silicon chloride and a tetra-
alkoxysilane as proposed by Gerrard and Kilburn144. 
The mechanism was proposed as displayed below (figure 56). First, the 
oxygen atom of an alkoxy group coordinates with silicon tetrachloride leading 
to a pentacoordinate silicon intermediate. Next, the nucleophilic attack of a 
chlorine atom at the carbon centre of the alkoxy group yields the alkyl 
chloride. This mechanism contrasts with the hydrolysis of metal alkoxides, 
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which is known to proceed through the nucleophilic substitution of —OR 
groups on silicon. 
	
(R0)3Si 	a a 	(Ro)3si a a  
./ 
SCI 	(70 S SCI _3.(R0)3siosia3 RCI 
R 	CI  
Figure 56 Reaction mechanism for the nucleophilic attack of a tetra-alkoxysilane at the 
silicon centre of silicon chloride, as proposed by Gerrard and Kilburni". 
In 1992, Vioux and co-workers regenerated interest in the topic by preparing 
A1203 and TiO2 gels via a non-hydrolytic process24. At the time, sol-gel 
reactions were predominantly based on hydrolysis and condensation of 
inorganic or metal-organic precursors. Vioux et al. stated that the non-
hydrolytic route would offer various synthetic advantages: "No solvent is 
needed with liquid precursors since no water has to be dissolved and only one 
stage has to be controlled during the formation of the non-hydrolytic gel, 
instead of two stages (hydrolysis and condensation) in the conventional sol-
gel process". To prepare TiO2 they reacted titanium tetrachloride (TiCl4) with 
titanium tetraisopropoxide (TT1P) in a sealed autoclave at 110°C for 10 days. 
The monolithic gel obtained was then calcined at 500°C, which resulted in 
formation of the oxide. Later in the year the group also published a report on 
the synthesis of binary oxide gels145 in the bicomponent systems Si-Al, Si-Ti, 
Si-Zr and Al-Ti. As an example of one of the chemical procedures followed, 
the Si-Ti binary oxide was prepared by either reacting SiCI4 with Ti(OiPr)4 or 
TiCI4 with Si(OiPr)4. The group continued to perform studies on the 
preparation of Ti02. Investigations into the role of the oxygen donor in the 
etherolysis or alcoholysis of TiCl4146  found that it is possible to synthesise TiO2 
gels which differ in both structure and texture and afford various phases 
(anatase, rutile or brookite) on crystallisation (figure 57): 
SiCI4 + Si(0R)4 —, 
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calcined at 
110'"C SOO"C 	 1000 'C 
diethyl ether + TiCI4 	 anatase TiO2 	rattle 7102  
calcined Jr 
110 :C S00 'C 
ethanol + liCl4 -4 	rutile Ti02 
calcined Jr 
0 "C 500"C 
tett-butyl alcohol + TiCI4 	 brookite 7iO2 
Figure 57 Schemes for the reaction of titanium tetrachloride with different solvents, 
resulting TiO2 in different phases being formed146. 
In further investigations, comparing the mechanism of the etherolysis and 
condensation of TiCI4 by diisopropyl ether with the direct condensation 
between TiCI4 and TTIP (figure 58)115,116, they found that the condensation 
between Ti-CI and Ti-OiPr groups is very slow at room temperature in both 
routes. 
—Ti—O + —Ti—CI 
'Pr 
I 	Cl 
Tr" 44en z 
+ liC130iPr 
/\ Li 	+ iNC1 TIC13(*r  
TiC1201Pr 
'Pr 
I1 
Figure 58 Schematic representation of the non-hydrolytic condensation between Ti- 
OiPr and Ti-CI functions, catalysed by TiC13(0pr)115. 
At 100°C, the initial rate of the reaction is low but after an induction time the 
condensation rate increases quickly, indicating an autocatalysis of 
condensation, presumably by the intermediate oxochloroisopropoxides. In the 
TiC14fTTIP system, the induction time was found to depend mainly on the 
concentration of Ti(O;Pr)C13, suggesting that this species catalyses the first 
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condensation steps. However, in the other route, the alkoxylation reaction 
rapidly leads to the formation of Ti(0,Pr)C13, the second alkoxylation step is 
much slower and is not completed when the condensation starts. Vioux 
presented a short review147 of the subject soon after this body of work was 
completed. 
Despite the increased interest in the non-hydrolytic preparation of Ti02, 
nanoscale, well-defined crystalline samples were yet to be synthesised. In 
1999, Trentler et a/., building on the Vioux group's studies, reacted TiX4 (X = 
F, CI, Br or I) with TTIP in the presence of a varied amount of passivating 
agent (which prevents agglomeration of the particles) trioctylphosphine oxide 
(TOPO) in a solvent of heptadecane at 300°C148. They obtained near 
spherical anatase nanoparticles with the average diameter dependent on the 
titanium halide used; F = 9.2 nm, CI = 7.3 nm, Br = 6.1 nm, I = 3.8 nm. TEM 
analysis of the TiO2 nanoparticles derived from reaction of TiCI4 and TTIP is 
displayed in figure 59. It can be observed that the particles are not very 
monodispersed, however the high resolution TEM image and fast-fourier 
transform pattern confirm they are highly crystalline anatase. 
Figure 59 TEM analysis of TiO2 nanoparticles derived from reaction of TiCI4 and TTIP in 
TOPO/heptadecane at 300°C148. 
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The presence and amount of TOPO in the reaction was found to influence the 
chemistry of the reaction. Reactions lacking TOPO were completed in 
seconds and yielded mixtures of brookite, rutile and anatase possessing 
average particle sizes larger than 10 nm. Conversely, reactions in pure TOPO 
were slower and resulted in smaller particles (5.5 nm) than when 
heptadecane was present to serve as a dilutant. 
An alterative non-hydrolytic reaction using TICI4 as the only titanium source 
was reported by Niederberger et a/.145. Via reaction with benzyl alcohol at 
temperatures of between 40 and 150°C, pure anatase nanoparticles were 
produced. The particle size varied depending on the temperature of the 
reaction; aging at 40°C for 7 days resulted in 5.0 nm particles, whereas aging 
at 150°C for 24 hrs resulted in 8.3 nm particles (as calculated using the 
Scherrer formula with respect to X-ray diffraction patterns obtained from 
powder samples). The group subsequently developed the method15°, reacting 
other transition metal chlorides (VOCI3 and WCI6) with benzyl alcohol to obtain 
highly crystalline vanadium oxide nanorods and tungsten oxide nanoparticles. 
In 2003, Jun et al. published a report on the first synthesis of one-dimensional 
TiO2 nanocrystals, produced by a non-hydrolytic method151. The procedure 
was based on the alkyl halide elimination reaction between TiCI4 and TTIP, 
developed by the Vioux group147. By exploiting the tendency of carboxylic 
acids to bind very strongly to anatase (001) faces, they postulated that the 
presence of a surface-selective surfactant such as lauric acid (LA) in 
conjunction with a non-selective surfactant such as TOPO would affect the 
resulting crystal shape. The two Ti sources and two surfactants were reacted 
at 300°C for about 20 min with dioctyl ether as the solvent, resulting in 
anatase nanocrystals. The shape of the nanocrystals was found to be reliably 
controlled by varying the amount of LA: At a low concentration of LA 
(2.0 mmol of LA to 18.6 mmol TOPO) bullet and diamond shaped crystals are 
obtained. At medium LA concentrations (4.0 mmol LA and 16.6 mmol TOPO) 
short rods are obtained. However, at high and excess LA concentrations (8.0 
and 16.0 mmol LA) long rods and branched rods respectively are produced 
(figure 60). 
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Figure 60 HRTEM analyses and simulated three-dimensional shape of (a) a bullet, (b) a 
diamond, (c) a short rod, (d) a long rod, and (e) a branched rod synthesised by Jun 
et al.. All scale bars = 3 nm. The long axes of the nanocrystals are parallel to the c-axis 
of the anatase structure, while the nanocrystals are faceted with (101) faces along the 
short axes. Hexagon shapes (the [010] projection of a truncated octagonal bipyramid) 
truncated with two (001) and four {101} faces are observed either at the one end or at 
the centre of the nanocrystals. The branched shape is a result of the growth along 
[101] directions starting from the hexagon shape151. 
The authors suggested that addition of the TTIP precursor to the reaction 
solution induces the formation of TiO2 truncated octahedral bipyramid seeds 
terminated by (001) faces with high surface energy and {101} faces with 
relatively low surface energy. The final shape of the nanocrystals is governed 
by the competition between the relative surface energies of the (001) and 
{101} faces and, therefore, the growth rate ratio between the [001] and <101> 
directions. Soon after, the group presented a general synthesis for transition 
metal oxides (W18049, Ti02, Mn304 and V205)152, in which the chloride of a 
transition metal is dissolved in oleic acid and oleylamine and heated to 360°C 
for 60 min. Low aspect ratio, but highly crystalline nanorods of the various 
oxides are produced. 
Subsequently, a synthesis of TiO2 reported by Hyeon and co-workers took a 
similar approach153, reacting TTIP with oleic acid at 270°C for 2 h. The 
product consisted of a mixture of spherical anatase nanocrystals (-3.5 nm 
diameter) and anatase nanorods (3.5 nm diameter and 35 nm length). 
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However, TiO2 nanorods were obtained after one cycle of a size-selective 
precipitation process from a hexane/ethanol solution. 
More recently, Hyeon and co-workers presented a study of simultaneous 
phase- and size-controlled synthesis of TiO2 nanorods via the non-hydrolytic 
reaction of continuously delivered titanium precursors by syringe pump154. 
1-octadecene solutions of TiCla and TTIP were simultaneously injected into an 
oleylamine solvent at 300°C. TiCl4 and TTIP were injected at the same rate in 
each experiment and it was established that high injection rates favoured the 
formation of anatase nanorods (figure 61a), whereas at low injection rates 
result in larger, star-shaped rutile nanostructures (figure 61c). The authors 
attributed the change in phase between the fast and slow injection rates to the 
corresponding increase in reaction time, during which period the anatase 
nanorods coarsen and, above a critical diameter of -15 nm, change phase to 
rutile. As the reaction proceeds further, the rutile structures initially assemble 
into V-shaped or Y-shaped structures and then finally star-shaped 
assemblies. 
Figure 61 TEM images of TiO2 nanorods obtained using an injection rate of (a) 30 mL/h 
(b) 2.5 mL/h and (c) 1.25 mL/h respectively. HRTEM images of (d) anatase of (a) and (e) 
rutile of (c)154. 
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Zhang et al. presented a versatile synthesis for size-controlled TiO2 
nanocrystals using similar chemistry to the papers just discussed155. TTIP 
(1 mmol) and oleic acid (5 mmol) were first mixed at 80°C in octadecene 
before the injection of oleylamine (1 — 10mmol). When the amount of 
oleylamine added was varied from 1 to 2 to 3 mmol crystalline nanorods with 
lengths of 12, 30 and 16 nm respectively were obtained, all with a diameter of 
about 2 nm (figure 62a, b and c, respectively). However, when 4 mmol 
oleylamine was added, spherical nanoparticles were obtained (figure 62d). All 
the products obtained were highly monodisperse and crystalline and were 
very well dispersed on the carbon film of the TEM grid. 
)0 nal  - 
4:4C 
Figure 62 TEM images of length-tunable TiO2 nanorods with lengths of a) 12 b) 30 and 
c) 16 nm, prepared at 260°C with 1, 2 and 3 mmol of oleylamine respectively. The molar 
ratio of TTIP (1 mmol) and OLA (5 mmol) was kept unchanged. d) TEM image of 
spherical TiO2 nanoparticles of 2.3 nm obtained at 260°C with 4 mmol 0A155. 
Recent reviews, written by Niederberger156 and Cheon157, on the non-
hydrolytic synthesis of metal oxides provide a useful overview of the 'state of 
the art', and both contain large sections of non-hydrolytic TiO2 synthesis. 
Although the synthesis of nanostructured TiO2 via the non-hydrolytic sol-gel 
route has developed significantly in the past few years, the synthesis of pure, 
highly crystalline, high aspect ratio and monodisperse nanorods has yet to be 
optimised. Based on initial studies by S. Chyla (unpublished), the 
experimental procedures outlined in the following section have aimed to 
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address these issues by the in-depth investigation of a condensation reaction 
between titanium tetrachloride and titanium tetraisopropoxide, using oleic acid 
as the surfactant and solvent. The reaction parameters which were 
investigated (detailed in the next chapter) included variation of the 
temperature and duration of the reaction, the relative amounts of reactants 
and the mode of addition of reactants. 
5.2 Experimental details. 
5.2.1 Materials. 
Chemical used: titanium tetraisopropoxide, TTIP (Sigma Aldrich, 99.9 %); 
titanium tetrachloride, TiCI4 (Acros Chemicals, 98+ %); heptadecane (Acros 
Organics, 99 %); oleic acid, OLEA (Sigma Aldrich, tech. grade — 90 %). 
5.2.2 Experimental procedure. 
As described above, these investigations were based on preliminary work 
carried out in our group. The reaction of TTIP and TiCI4, in the presence of 
oleic acid (OLEA) and at temperatures of 300°C, had been found to 
synthesise crystalline anatase nanorods. The optimum molar ratio of 
TTIP:TiCI4:OLEA was found to be 1:1:3, which produced the largest aspect 
ratio and highest crystallinity nanorods. However, the particles were not 
monodispersed and were highly aggregated. It was proposed that a 
sequential addition of TTIP would slow down the initial formation of the 
precursor molecules, hence favouring the formation of monodisperse 'seeds' 
of TiO2 and a more monodispersed product. The reaction conditions were 
optimised by performing several series of experiments, as outlined below 
(figure 64), however the apparatus and general scheme were the same for all 
runs. 
All reactions were performed, as with the bulk hydrolysis reactions, in a 
100 mL round-bottomed flask connected, via a condensing column, to a 
87 
vacuum (-1 mbar)/OFN manifold line. A tin metal bath on a hotplate was 
employed to heat the flask and stir the reactants (figure 63). 
the manifold 
--->Condensing water out 
Condensing water in Quartz wool 
insulation 
Reaction 
solution 
Stirrer bar 
Rubber stopper 
Molten tin 
, Hotplate and 
magnetic stirrer 
Figure 63 Schematic representation of the experimental set-up for a non-hydrolytic 
synthesis of Ti02. 
Using the apparatus described above, a standard synthesis procedure is 
described: 
1. Oleic acid (30 mmol) dried under vacuum at 120°C for 1 h. 
2. Flask cooled to the 110°C under nitrogen flow and reflux. 
3. Heptadecane (7.5 mL), TiCI4 (10 mmol) and TTIP (between zero and 
10.0 mmol) injected. 
4. Solution stirred, at —300 rpm, under nitrogen and refluxed for between 
zero and 4 h. 
5. Temperature raised to desired reaction temperature (in most cases 
300°C). 
6. Further TTIP (between 10.0 and 0.0 mmol, the total TTIP added was 
always 10 mmol) swiftly injected into the reaction mixture. Experiments 
also performed in which the TTIP (10 mmol) was diluted in 
heptadecane (3.85 mL), held in a syringe and dripped in the flask at a 
rate of 1.25 mUh over the course of 4 h. 
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7. Solution stirred further, at —300 rpm, under nitrogen and reflux, for 
between 0.5 and 18 h (in several experiments aliquots of solution were 
removed, via a syringe, during the reaction for analysis). 
8. Reaction terminated by cooling the flask to room temperature. 
9. TiO2 product extracted by addition of excess propan-2-ol, then isolated 
by centrifugation and further washed three times with propan-2-ol. The 
off-white solid obtained was then re-dispersed in either chloroform or 
hexane. 
It was thought that a low temperature nucleation of TiO2 precursors might 
encourage monodispersity in the final sample: Nanoparticles are formed via 
sequential nucleation and growth mechanisms and to achieve monodisperse 
samples it is advantageous to separate these two processes. Hence, by the 
addition of just a small amount of TTIP in the first stage of the reaction, 
nucleation of TiO2 precursor particles can take place, whereas growth is 
inhibited. The aim was to reduce the uncontrolled growth which can lead to 
polydispersity in the sample. 
In previous experiments, the influence of the period of nucleation and manner 
of addition of TTIP had not been established. Two series of experiments were 
designed to investigate these factors. The first (figure 64, set 1) involved fixing 
the duration of the second period of reaction (high temperature phase) at 4 h, 
while varying the duration of the first reaction period (low temperature phase). 
The second set varied the ratio of TTIP added in the first and second phases 
of the reaction (set 2). The next parameter to be investigated was the 
temperature of the high temperature phase (set 3). Reactions at below 300°C 
had not previously been attempted and if they could be performed at <300°C, 
without suffering loss of crystallinity or morphology, it would be both 
experimentally and environmentally advantageous. The duration of the high 
temperature phase was next to be studied, with experiments of up to 18 h 
(set 4), to allow analysis of the morphology and crystallinity as the reaction 
progresses. The dilution of the reaction mixture was the final variable (set 5). 
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All previous experiments were carried out using 7.5 mL heptadecane but in 
this set reactions employed three (22.5 mL) and ten times (75 mL) the volume 
of heptadecane. It was thought that dilution of the reagents might slow the 
reaction, which could favour the formation of nanorods over branched 
structures. 
Set of 
experiments 
TTIP added in 
first phase 
(mmol) 
Duration 
of first 
phase (h) 
TTIP added in 
second phase 
(mmol) 
Duration 
of second 
phase (h) 
Temp of 
second 
phase (°C) 
Amount of 
hepta-decane 
(mL) 
3.3 0 6.6 4 300 7.5 
1 
3.3 
3.3 
1 
2 
6.6 
6.6 
4 
4 
300 
300 
7.5 
7.5 
3.3 4 6.6 4 300 7.5 
1 4 9 1 300 7.5 
2 3.3 4 6.6 1 300 7.5 6.6 4 3.3 1 300 7.5 
0 4 10 (gradually) 4 300 7.5 
3.3 4 6.6 1 200 7.5 
3 3.3 3.3 
4 
4 
6.6 
6.6 
1 
1 
250 
275 
7.5 
7.5 
3.3 4 6.6 1 300 7.5 
3.3 4 6.6 1 300 7.5 
4 3.3 3.3 
4 
4 
6.6 
6.6 
2 
4 
300 
300 
7.5 
7.5 
3.3 4 6.6 18 300 7.5 
3.3 4 6.6 4 300 7.5 
5 3.3 3.3 
4 
4 
6.6 
6.6 
4 
4 
300 
300 
22.5 
75 
3.3 4 6.6 18 300 75 
Figure 64 The non-hydrolytic reactions performed in the course of these 
investigations. The reaction parameter which was varied is highlighted in each case. 30 
mmol oleic acid used in all cases. n.b. If the reaction conditions are exactly the same 
for two experiments in a different set then the data obtained from the first set was 
used, e.g. The data for Set 1, Experiment 4 was used for Set 4, Exp. 3 and Set 5 Exp. 1.) 
The products from all experiments were studied by TEM to establish the 
morphology and degree of aggregation in the samples. In some cases XRD 
and Raman spectroscopy were also used, in order to confirm the crystal 
phase and degree of crystallinity of the nanostructures. These analyses are 
displayed and discussed in the following sections. 
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5.3 Results. 
In almost all the experiments outlined above, anatase TiO2 was synthesised 
on the nanoscale. However, the morphology and degree of crystallinity of the 
material obtained varied greatly as the reaction conditions were changed. 
Some interesting trends were observed in the five 'sets' of experiments, which 
help to establish the optimum conditions required for high crystallinity, high 
aspect ratio and highly monodisperse TiO2 nanorods. Each of the sets of 
experiments will be discussed in turn, followed by a unifying discussion of the 
trends observed. 
5.3.1 Variation of the duration of the first (low temp.) phase. 
Four experiments were performed with the first phase lasting between zero 
and four hours. The duration of the second phase was fixed at 4 h for each 
run. TTIP was added in 3.3 mmol (first phase) and 6.6 mmol (second phase) 
aliquots (in the 0 h case, the 3.3 mmol aliquot is added at 110°C and stirred 
briefly before the temperature is increased to 300°C). The TEM images of the 
four products (figure 65) reveals how the morphology changes: With no low 
temperature phase, the crystalline TiO2 material (figure 65a) at the top of the 
image is highly polydispersed, with a mixture of near-spherical particles and 
short rods. There is also a large fraction of amorphous material present, to the 
left hand side of the image. With 1 h at low temperature (b) the crystalline 
TiO2 has a higher aspect ratio, although some amorphous material is present. 
With 2 h at low temp the TiO2 nanorods present are quite monodispersed, 
however a little amorphous material is present and the product is quite 
agglomerated (c). However, with 4 h at low temperature the nanorods 
obtained are highly monodispersed, highly crystalline, well-dispersed and 
unassociated with amorphous material (d). The diameter of the nanorods 
(from statistical analysis of the TEM image) is 3.7 ± 0.4 nm and their length is 
40.8 ± 6.70 nm, hence the mean aspect ratio is 11.1 ± 1.9. The nanorods are 
well spaced on the grid and a gap between the rods is present in most cases 
91 
of about 1 nm. The spacing observed is due to the oleic acid coating on each 
nanorod (not observed by TEM), which separates the structures on the grid. 
A 
keo!A 
Figure 65 TEM images of Set 1 of the non-hydrolytic experiments with a first phase 
lasting 0, 1, 2 and 4 hours displayed in image (a), (b), (c) and (d), respectively. 
A high resolution image of a typical nanorod obtained with a 4 h period at low 
temperature is displayed in figure 66. It is observed that the rod is highly 
crystalline and analysis of the crystal planes reveal that the anatase phase is 
present. The spots evident on the SAED pattern (figure 66, inset) correspond 
to single crystal anatase. Like the nanorods synthesised in the hydrolytic 
reactions described in the previous chapter, the nanorod is extended in the 
c-axis. Again, this is due to the fact that in the truncated octagonal bipyramid 
seeds from which the nanorods grow, the surface free energy of the (001) 
faces is —1.4 larger than {101} faces. However, the edges of the nanorod 
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appear to be relatively flat, when compared to the zigzag pattern exhibited by 
the hydrolytic synthesised nanorods. 
Figure 66 High resolution TEM image of an anatase TiO2 nanorod prepared with 4 h at 
low temperature. The (004) and {101} planes of anatase are marked and the SAED 
(inset) confirms the product is single crystal anatase. 
In order to compare the crystallinity of the samples, X-ray diffraction was 
performed on the two limiting samples (zero and 4 h) (figure 67). The patterns 
obtained are displayed below: the peaks observed in both spectra correspond 
to the standard pattern for anatase. However, in the 4 h spectra the peaks are 
much sharper than those in the 0 h spectra, indicating that a higher degree of 
crystallinity has been attained. The peak corresponding to the (004) reflection 
(4 h plot) exhibits a high peak intensity and narrow width, indicating favoured 
growth of the crystal in this direction. The broad background peak, with an 
onset of —35° and spread to <20°, can be attributed to amorphous Ti02. The 
peak has a strong presence in the 0 h plot, indicating a high degree of 
amorphous material, however, the peak is barely discernable in the 4 h plot, 
indicating a very low amorphous content. Similarly to the XRD plot of the 
hydrolytic product (figure 33), an unidentified peak is present at —45° and 
cannot be accounted for by either the anatase, rutile or brookite crystal 
structures. The peak is possibly due to the presence of a small fraction of an 
unidentified titanate (TiOx.xH20) phase. 
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Analysis using the Scherrer formula was performed on the {101} and (004) 
peaks of both plots. The resulting values, for the 4 h sample, are 8.4 nm in the 
[101] direction (giving an approximate rod diameter of 7.8 nm) and 26.3 nm in 
the [004] direction and for the zero hour sample, are 7.4 nm (diameter 6.9 nm) 
and 16.5 nm respectively. It can therefore be deduced that the crystallites are 
larger after a 4 h induction period (although quite different to the dimensions 
observed with TEM analysis, see above), however, the absolute values are 
affected by the errors explained previously (section 4.3.1.1). 
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Figure 67 X-ray diffraction plots of TiO2 material obtained from a reaction with no low 
temperature phase (black plot) and with a four hour low temperature phase (grey plot). 
For ease of comparison, the plots are offset, in the y-axis, by an arbitrary amount. The 
lattice planes (corresponding to anatase) are indicated. 
Raman spectra show similar trends: both spectra exhibit peaks at -405, 520 
and 645 cm-1, which are typical of anatase TiO2 (figure 68). However, the 
peaks for the 4 h low-temp phase sample are much stronger, suggesting that 
this has a much higher crystallinity than the 0 h low-temp phase sample. The 
peak present at -380 cm-1  in the 4 h spectrum is possibly due to unreacted 
TiCI4 in the product, the fundamental vibration of which occurs in this region. 
94 
— No lowMemp iphase 
— 4 hlkm,terralp phase 
300 	41011 	500 
women umber (,cm-11) 
Figure 68 Raman spectra of TiO2 material obtained from a reaction with no low 
temperature phase (black plot) and with a 4 h low temperature phase (grey plot). 
5.3.2 Variation of the mode of TTIP addition. 
In the first set of experiments, the TTIP was added in aliquots of 3.3 mmol and 
6.6 mmol. However, it was not known whether this was the optimal ratio 
required for producing high quality nanorods. It was also thought that the 
gradual addition, at high temperature, of the TTIP could ensure controlled 
growth of the nanostructures and avoid uncontrolled nucleation, resulting in a 
more monodisperse product. On analysis of the products by TEM (figure 69a 
— c) it is observed that the nanorods synthesised by the addition of 1 then 
9 mmol and 3.3 then 6.6 mmol are of similar morphologies (a and b, 
respectively) and are not monodisperse (both spherical particles and 
nanorods are present, due to short reaction time (1 h) compared to set 1 
(4 h)) but are well defined and free from amorphous material. However, upon 
addition of 6.6 then 3.3 mmol TTIP the product obtained was highly 
agglomerated (d) with a small amorphous content. When the TTIP was added 
gradually (figure 69d) poorly defined and low aspect ratio nanorods were 
obtained which were highly agglomerated and contained a high amorphous 
content. 
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Figure 69 TEM images of Set 2 of the non-hydrolytic experiments. The TTIP was added 
in (a) 1.0 then 9.0 mmol (b) 3.3 then 6.6 mmol and (c) 6.6 and 3.3 mmol. In one 
experiment the low temperature phase was omitted and the TTIP (10 mmol) was added 
gradually during the high temperature phase (d). 
5.3.3 Variation of the temperature of second (high temp.) phase. 
Four runs were performed in which the temperature of the second (high 
temperature phase) was varied between 200 and 300°C. It is observed 
(figure 70) that when the temperature of the reaction is increased, the 
crystallinity of the nanorods increases. After reaction at 200°C (a) no rods are 
discernable, however the SAED does indicate that there is some crystalline 
material present. For the 250°C reaction (b) low aspect ratio nanorods are 
observed although there is a majority of amorphous material. After reaction at 
275°C, higher aspect ratio rods are observed (c) but there is still a significant 
amorphous content. At 300°C the nanorods produced are highly crystalline 
and there is no evidence of amorphous material (d). 
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Figure 70 TEM images of Set 3 of the non-hydrolytic experiments. The temperature of 
the second phase was (a) 200 (b) 250 (c) 275 and (d) 300°C. The inset of (a) and (b) 
display the corresponding SAED patterns. 
The powder XRD plots (figure 71) confirm the increase in crystallinity on 
performing the reaction at higher temperatures. All the plots contain peaks 
associated with anatase TiO2. However, in the plot of the 200°C sample, the 
peaks are very weak and there is a large, broad peak (onset at —35°), 
indicating the presence of a large amorphous content in the material. The 
plots for the 250 and 275°C samples are similar to each other and both exhibit 
sharper peaks corresponding to anatase, but an amorphous peak remains in 
both cases (although it is weaker than in the 200°C spectrum). The plot of the 
300°C sample contains virtually no amorphous component and exhibits sharp 
anatase peaks. 
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Figure 71 Powder XRD plots of TiO2 samples from reactions at 200°C (blue plot), 250°C 
(red plot), 275°C (green plot) and 300°C (pink plot). 
Analysis employing the Scherrer formula was performed on the 250°C, 275°C 
and 300°C plots (the peaks on the 200°C were considered too weak to 
provide reliable information). The size of deflections in the {101} and (004) 
reflections are displayed, for each sample, in the table below (figure 72) (the 
corrected lengths, which approximate to the diameter of the nanorods are also 
included). The errors originate from both the roughness of the plots, and the 
difficulty in determining the exact half maximum values for the peaks, due to 
the background. It is observed that the length of the {101} reflection remains 
roughly constant and is independent of the temperature, whereas the length 
of the (004) reflection increases with increasing temperature. 
Sample 
{101} (calculated 
diameter) (nm) (004) (nm) 
250°C 9.7 (9.0 ± 2.4) 12.8 ± 2.2 
275°C 10.9 (10.1 ±2.4) 15.0 ± 2.2 
300°C 7.9 (7.3 ± 2.4) 22.5 ± 2.2 
Figure 72 Lengths of the {101} and (004) reflections for three samples, acquired by 
Scherrer analysis. The diameters corresponding to the {101} reflections are calculated. 
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Raman spectra show similar trends (figure 73). The 200 and 250°C samples 
exhibit no peaks corresponding to crystalline Ti02. This observation does not 
mean, however, that there is no crystalline material whatsoever present in the 
sample as the peaks may be obscured by the large amorphous component. 
The 275 and 300°C samples, however, both exhibit the standard peaks 
corresponding to anatase TiO2. The peaks are of a similar strength in both 
samples, indicating that the degree of crystallinity is similar. However, this 
result is in contradiction with the XRD data, which shows that (due to the lack 
of the broad peak corresponding to amorphous Ti02) the 300°C sample is 
more crystalline. This discrepancy between analytical techniques is, as above, 
also due to the weak peak strengths in the Raman spectra when compared to 
background noise created by the amorphous material present in the sample, 
which makes it difficult to discern the absolute peak height. 
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Figure 73 Raman spectra of TiO2 samples from reactions at 200°C (blue plot), 250°C 
(red plot), 275°C (green plot) and 300°C (pink plot). 
The boiling point of heptadecane is 302°C and hence no experiments were 
undertaken at temperatures above this because of rapid and uncontrolled 
reflux which would likely occur (analogously to the 150°C hydrolytic 
experiment). 
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5.3.4 Variation of the duration of the second (high temp.) phase. 
Having established that a 4 h low temperature phase, coupled with a 300°C 
high temperature phase, produces the most crystalline nanorods, the duration 
of the high temperature phase was investigated. The TEM images below 
(figure 74) indicate the morphological changes which occurred as the duration 
at high temperature increases. After an hour at 300°C, the nanorods 
synthesised are polydispersed in size and shape but highly crystalline, with no 
amorphous content (figure 74a). The aspect ratio ranges from -1 to -8. After 
a 2 h reaction there are more elongated rods present and their aspect ratio 
now ranges from -2 to -13 (b). 4 h into the reaction and highly monodisperse 
nanorods are observed (c), with a mean aspect ratio of 11.1 ± 1.9. When the 
reaction mixture had been at 300°C for 18 h a mixture of straight and 
branched nanorods were observed. A high resolution TEM image of a 
branched structure (d) reveals it resembles an X chromosome in morphology, 
with four branches, each -3.5 nm in diameter and -12 nm in length (extended 
from the central core). The nanostructure is highly crystalline anatase as 
indicated by the (004) and {101} planes present. Each of the four branches is 
extended in the direction of the c-axis of the unit cell of anatase. The Ti yield 
of this reaction was calculated to be 74.8 % and the organic content of the 
product was determined (by TGA analysis in air) to be 25.7 %. 
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Figure 74 TEM images of Set 4 of the non hydrolytic experiments. Samples were 
analysed after a duration of the high temperature phase (at 300°C) of (a) 1 h (b) 2 h (c) 
4 h and (d) 18 h. 
5.3.5 Variation of the dilution of reaction. 
The non-hydrolytic synthesis uses heptadecane as the solvent, which has a 
boiling point of 303°C allowing, at 300°C, a constant volume in which the 
reaction can proceed. The TEM images obtained after dilution in a volume of 
heptadecane of 7.5, 22.5 and 75 mL for 4 and 18 h are displayed in figure 
75a, b, c and d, respectively. The 7.5 mL sample has been discussed 
previously and exhibits high crystallinity, monodispersity and aspect ratio (a). 
However, the dilution of the reaction appears to have an adverse effect on the 
overall quality of the nanorods. When using 22.5 mL of solvent, the 
monodispersity and average aspect ratio of the rods decreases (b). The 
aspect ratio of the nanorods is now between -5 and -12, with an average of 
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-7. Some of the nanorods are branched and no longer exhibit the smooth 
sides of the 7.5 mL dilution sample. At even higher dilution (75 mL 
heptadecane) the nanostructures (c) have an even lower aspect ratio of 
between 1 and -4. There is very little amorphous content present but the TiO2 
structures are agglomerated. After 18 h of reaction at this dilution (d), the 
nanorods are highly agglomerated and it is not possible to discern their 
individual structure. The inset displays the corresponding SAED pattern, 
which confirms the crystal structure of anatase is present. 
Figure 75 TEM images of Set 5 of the non hydrolytic experiments. The volume of 
heptadecane in which the reaction (4 h) was diluted was varied between 7.5 mL and 75 
mL (a) — (c). A reaction was also performed for 18 h, at 75 mL (d), the inset display the 
corresponding SAED pattern, confirming the presence of the anatase polymorph of 
TiO2. 
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Each of the sets of experiments described above provided insight into the 
optimal conditions for high quality TiO2 nanorod synthesis. In the next section 
the results will be combined and the conditions for optimal synthesis 
discussed. 
5.4 Discussion. 
In all experiments, a certain fraction of anatase TiO2 was formed. However, 
the proportion of crystalline material varied from sample to sample, depending 
on the temperature and time of various stages of the reaction. The 
morphology of the TiO2 nanostructures formed ranged from near-spherical 
particles to nanorods with an aspect ratio of —15 to, in some cases, branched 
structures. 
In the preliminary experiments (carried out by S. Chyla), it was found that the 
optimum molar ratio of reactants (TTIP:TiC14:0LEA) is 1:1:3. When using less 
OLEA (e.g. 1:1:1), low aspect ratio rods and quasi-spherical particles are 
formed. Conversely, with large amounts of OLEA in the reaction (e.g. 1:1:12) 
branched structures are formed. These results are similar to the findings of 
Jun et al. 151, and it is thought that mechanism of nanorod growth in this study 
is analogous. 
The basic mechanism for this reaction can be outlined as follows: On addition 
of an aliquot TTIP to the TiCI4 mixture at 110°C, a nucleophilic attack of an 
oxygen atom of the propoxide on the titanium centre of the TiCI4 occurs. This 
results in condensation of zero-dimensional TiOx precursor particles. The 
particles are stoichiometrically Ti02, although have a very low degree of 
crystallinity at this point. When the temperature is increased to 300°C, the 
particles crystallise to form anatase. These particles are thought to consist of 
truncated octahedral bipyramids, which are terminated with (001) faces with 
high surface energy and {101} faces with relatively low surface energy. The 
oleic acid is preferentially bound to the (001) surfaces158 which passivates 
them and slows down the growth in this direction. If it were not for this 
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passivation, the (001) faces would quickly shrink and result in short rod 
growth. However, in this case, the (001) faces continue to grow, whilst 
preserving the surface area of the {101} faces. The nanorods obtained by this 
reaction have much smoother sides than those obtained by Jun et al. and this 
is thought to be due to a sintering effect, brought about by the longer reaction 
time at 300°C (1 — 4 hours, c.f. 10 — 20 minutes). 
Most experiments were concerned with the independent control of the 
condensation and crystallisation phases of the reaction. It was initially 
proposed that the procedure would benefit from having an induction period at 
low temperature and this was confirmed by the TEM analysis of experiment 
set 1: When the reaction was carried out with no low-temperature step, the 
nanostructures formed were predominantly crystalline but varied greatly in 
morphology. This is thought to be due to the high rate of crystallisation at 
300°C, which does not favour monodisperse growth: There is an upper limit to 
the diameter of the precursor particles, which can be deduced from the fact 
that all nanorods observed have very similar diameters. This limit is due to the 
capping of the oleic acid which pacifies the surface and encourages 
nanoscale, controlled growth. Hence, by increasing the period of time of the 
low temperature phase, the TTIP added is allowed to completely react with 
the TiCI4 while the growing precursor particles reach the saturation size and 
remain in that state. The polydispersity in the sample synthesised with no low 
temperature step could also result from the instability of the reaction mixture 
which occurs upon addition of a small amount of cold liquid to the hot bath. 
The temperature and concentration gradients are very large, which adversely 
affects particle growth. 
Upon inclusion of a 4 h low-temperature phase in the synthesis the nanorods 
formed are highly monodisperse (± 16 % for length and ± 12 % for diameter, 
c.f. ± 21 % and ± 21 %, respectively, for the hydrolytic synthesis). It can also 
be deduced from these results that the length of the low temperature phase 
does not have a big influence on the degree of crystallinity of the material, as 
no crystallisation occurs at 110°C. Experiments show that a 4 h period at 
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300°C ensures that some crystalline material is produced, with best results for 
an extended low-temperature incubation. 
Once it was established that a two phase reaction, with a 4 h low-temperature 
period, was advantageous, the mode of addition of TTIP was investigated. 
Overall in the synthesis, TiCI4 and TTIP must react in a 1:1 molar ratio in order 
to form highly crystalline TiO2. However, if a high proportion of the TTIP is 
added at low temperature then the system is overloaded and produces 
extended networks of TiO2, as opposed to defined precursor particles, which 
do not result in monodisperse material upon crystallisation at higher 
temperatures. The gradual addition of TTIP over a 4 h period (at 300°C) 
resulted in highly polydispersed TiO2 nanostructures, with a high amorphous 
content: TTIP injected towards the beginning of the reaction quickly reacts to 
form TiO), precursor particles which then crystallise and grow for the 
remainder of the reaction duration, forming high aspect ratio structures. 
However, TTIP added towards the end of the reaction period does not have 
adequate time for growth and this fraction of TiO2 remains as low aspect ratio 
structures. The high amorphous content results from the incomplete 
condensation of TTIP added in the final period of the reaction. Following these 
investigations, it was decided that the ratio of volume of TTIP added in the 
first and second phases should be 3.3 mmol and 6.6 mmol, respectively. 
In the hydrolytic system discussed in the previous chapter, crystallisation 
occurs at temperatures as low as 90°C. However, in this reaction, although 
condensation of the alkoxide and chloride occurs at low temperatures, 
crystallisation of the TiO2 network only occurs at temperatures of at least 
200°C. This is likely due to the lack of catalyst, like the amine employed in the 
hydrolysis reactions, in the reaction mixture. Although some crystalline 
material is produced at temperatures as low as 200°C, the second phase 
must be held at 300°C to ensure full crystallinity in a reasonable time frame. 
The amorphous component in the products decreased as the temperature of 
the reaction was increased and this is due to the increased energy in the 
system allowing defects in the growing TiO2 network to be eliminated more 
easily. In the XRD spectrum of the 200°C sample, the anatase peaks are 
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barely discernable, suggesting that this temperature is close to the lower limit 
at which any significant crystalline material is recovered. The crystalline 
material that is formed at this temperature is also not well defined - in the 
TEM image, nanoparticles are discerned but no nanorods are present. 
Experiments at above 300°C were not performed as this would be beyond the 
boiling of heptadecane, which would result in unstable reaction conditions 
which could adversely affect the quality and monodispersity of the product. 
Another variable investigated was the length of time of the high temperature 
phase (now established at 300°C, preceded by a 4 h low temperature phase). 
All the TiO2 nanostructures obtained were well-defined and highly crystalline, 
however the morphology varied to a great extent over time. The 
morphological evolution of the TiO2 crystals from the initial truncated 
octahedral bipyramids to extended rods occurs via growth of particles in the 
(001) direction. When the reactant supply is exhausted, growth of the 
nanorods stops and is terminated by a reduction of the (001) faces. This 
results in enlargement of the {101} faces and consequently, over time, 
nanorods attach on these faces to form the branched structures observed 
after 22 h. The exact point at which the highest aspect ratio, but purely 
straight rods (without any branched structures present), are obtained was not 
established but is thought to be between -6 - 10 h. 
The results from the final set of experiments indicate that the highest aspect 
ratio nanorods are formed in low dilutions of reagents. When the dilution was 
increased threefold and tenfold, the TiO2 precursor particles formed are more 
separated in the reaction mixture. It is thought that, as a result of this 
separation, the concentration of oleic acid in the [001] directions is reduced, 
hence growth in the <101> directions increases, resulting in shorter nanorods. 
An experiment was performed for a longer period of time at high dilutions 
(18 h as opposed to 4 h), however the nanorods became highly agglomerated 
and a significant variation in the morphology was not observed. 
106 
Upon combining the results from all sets of experiments, the highest quality 
TiO2 nanostructures that were able to be obtained are synthesised under the 
following reaction conditions: 
• 7.3 mmol heptadecane. 
• 1 mmol addition of TTIP followed by a 4 h period at 110°C. 
• 2 mmol addition of TTIP followed by a 4 h period at 300°C. 
The nanorods obtained under these conditions are relatively long (up to 
—50 nm), straight and monodisperse (lengths vary by ±16 % and diameters by 
only ±12 %). The rods are high aspect ratio (11.0) and are highly crystalline 
anatase, which are sought after attributes in nanocrystalline TiO2 device 
design. Shorter rods or branched structures with the same high degree of 
crystallinity can be synthesised by decreasing or increasing, respectively, the 
duration of the 300°C reaction phase. The nanostructures are dispersible, in 
moderate concentrations (-0.5 mg/mL), in common organic solvents such as 
hexane and chloroform. A clear, off-white solution is obtained, which is stable 
for several weeks if in a sealed container but will gel if left open to the 
atmosphere. However, an exhaustive investigation of the solubility properties 
was beyond the scope of these studies. A possible method for improving the 
dispersivity of the nanorods involves stripping the OLEA surfactant from the 
surface and, exploiting the hydrophilic surface of the anatase TiO2, dispersing 
the nanorods in water. 
The possibility of performed non-hydrolytic reactions in the channels of 
microfluidic chips was discussed. However, due to the difficulties of 
associated with performing reactions on-chip at such high temperatures, 
particularly disruption of the flow by boiling of the high volatility reagents, it 
was decided not to proceed with any experiments. 
A comparison of the hydrolytic and non-hydrolytic products was carried out 
using fluorescence spectroscopy. TiO2 nanomaterials are expected to 
fluoresce in the near-UV region and, similarly to UV absorbance spectra, can 
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be used to infer the size of the particles in question. On irradiation at 300 nm, 
the transmission spectra of the two products (along with a reference of P25, 
supplied by Degussa) were obtained, and are displayed below (figure 76). 
The sharp peak at 330 nm, observed in all spectra, is due to a Raman mode 
of heptadecane; the solvent used, and can be ignored. The hydrolytic and 
non-hydrolytic spectra (blue plot and red plot, respectively) have peaks at the 
same wavelength (-340 nm), indicating that the particle size is similar in both 
samples and both smaller than the P25 (green plot) particle size (peak at 
-355 nm). The peaks for the synthesised samples are also narrower than the 
P25 peak, which infers that both these samples are more monodisperse than 
the commercial material. 
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Figure 76 Fluorescence spectra of TiO2 samples with excitation at 300 nm. 
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6 High temperature conversion of carbon nanotubes to TiO2 
nanorods. 
6.1 Literature review. 
6.1.1 A brief history of carbon nanotube synthesis. 
Hollow carbon filaments on the nanoscale were first identified (due to the 
advent of the transmission electron microscope) in the mid-1950s by several 
groups studying the decomposition of carbon monoxide on iron (and cobalt 
and nickel) catalyst particles159,160,161,162 (examples are displayed in figure 77). 
Figure 77 TEM images of the hollow carbon filaments observed by Radushkevich and 
Lukyanovich in 1952159. 
In the 1970s, further work was carried out by Oberlin and Endo163 who, by 
pyrolysing a mixture of benzene and hydrogen at about 1100°C, produced 
nanotubes with inner diameters of between 2 and 50 nm. The external shape 
of the fibres varied from bead-like to spindle shaped. The inner core consisted 
straight, parallel layers rolled around a hollow tube (the same as the carbon 
nanotubes we know today) while the extremities consisted of more randomly 
orientated carbon layers (figure 78). The early history of carbon nanotubes 
(CNTs) has recently been summarised164, although the explosion in CNT 
research really began after lijima's publication in 199169. 
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Figure 78 Spindles of filamentary carbon identified by Oberlin et al.163. 
Following the discovery, in 1985, of C60, or buckminsterfullerene, by Kroto, 
Curl and Smalley166, lijima was studying the material deposited on the 
cathode during the arc-discharge synthesis of fullerenes which consisted of, 
among fullerenes and other carbonaceous debris, relatively perfect multi-
walled carbon nanotubes (MWCNTs). He subsequently published the first 
high resolution images of CNTs69, confirming their layered, graphitic structure 
and suggesting their structural variety (figure 79). Soon after, the selective 
synthesis of single-walled CNTs166,167 (SWCNTs) and double-walled 
cm-s168,169 (DWCNTs) was successfully performed. Since then, research has 
been stimulated by the remarkable properties of individual CNTs and their 
potential applications, in fields as diverse as drug delivery and 
nanoelectronics179'171. 
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Figure 79 High resolution TEM images of the MWCNTs observed by lijima69. 
6.1.2 The use of carbon nanotubes as templates. 
The potential of CNTs as templates was swiftly realised and lijima, Ajayan 
and several other groups turned their attention to filling the tubes with metals 
and metal oxides172,173,174,175. Lieber and co-workers took an alternative 
approach, reacting the nanotube itself, and converted MWCNTs into various 
metal carbide nanowires176. The synthesis involved a vapour-solid reaction of 
a volatile metal halide species, e.g. Ti +12, with the nanotubes (figure 80). The 
reaction was carried out in a sealed ampule under vacuum at 1375°C to 
enable high volatility of the reactants and favourable conversion 
thermodynamics. 
Metal Carbide Nanorodl+ CO 	Metal Carbide Nanorod + n/2X2 
Figure 80 Schematic of the process for converting MWCNTs to metal carbide 
nanorods176 . 
They successfully synthesised samples of TiC, NbC, Fe3C, SiC, and BC), in 
high yield. The TiC nanorods had dimensions very close to those of the 
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source nanotubes, with diameters between 2 and 30 nm and lengths up to 
30 pm, and were highly crystalline. Under the same reaction conditions, 
nanorods were produced both with a regular sawtooth morphology with a 
[110] rod axis (figure 81 (a) and (b)) and an irregular face morphology with 
[111] axis (c). 
Figure 81 TEM images of TiC nanorods converted at 1375°C. Nanorods with growth 
both in the [110] (a) and (b) and [111] (c) directions are observed. In all cases the scale 
bars = 20 nm176. 
A year later, the group released another paper describing the reaction in more 
detail and performed systematic studies on the growth of titanium and niobium 
carbide nanorods28. The synthesis was essentially the same as had been 
described previously although the reaction was done at a lower range of 
temperatures of between 560 - 790°C and on a variety of time scales of 
between 5 and 80 h. The CNTs used were prepared by metal-catalysed 
decomposition of ethylene in the presence of hydrogen"' and have an 
average diameter of -15 nm. It was found that the MWCNTs appeared to be 
converted to TiC initially on the surface then towards the core of the 
nanotube. At high temperature and longer reaction durations more of the 
nanotube was converted to TiC, although only at 790°C did complete 
conversion of the carbon nanotubes to titanium carbide nanorods occur. This 
process is illustrated by the progression of TEM images displayed below 
(figure 82). (a) to (f) represent, respectively, unreacted CNTs; reaction at 
560°C for 20 h; 700°C for 5 h; 770°C for 5 h; 790°C for 5 h and 790°C for 10h. 
These reactions resulted in a layer of TiC which increased in thickness with 
increasing temperature and duration of reaction - figure 82 (b) 21 A TiC layer, 
(c) 35 A layer, (d) 50 A layer, (e) 130 A layer (f) complete conversion. The 
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fully converted nanorod can be seen to have had a small, randomly oriented, 
polycrystalline grain structure, lacking the highly crystalline structure of the 
high-temperature nanorods prepared previously176. 
a 	 b 
d 
f 
Figure 82 TEM images display the various stages of conversion from CNT to TiC 
nanorod under reaction with Til (a) an unreacted MWCNT to (f) a completely converted 
TiC nanorod. The scale bars in (a) (b) and (e) correspond to 10 nm. Images (c) and cd) 
have the same magnification as (b) and image (f) is the same magnification as (e)2 . 
6.1.3 Aligned carbon nanotube and titanium oxide synthesis. 
The MWCNTs grown by lijima69 were randomly oriented which hampered 
experimental characterisation and their utility in applications. However, in 
1996, Li et al demonstrated the first efficient method of growing aligned arrays 
of nanotubes by a chemical vapour deposition (CVD) process178. They 
employed a dense array of iron nanoparticles embedded in mesoporous silica 
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as the catalyst and nucleation point, leading to steric interactions during 
growth. The nanotubes were grown by introducing a mixture of 9 % acetylene 
in nitrogen into a furnace at 110 cm3/min and 700°C, the acetylene 
decomposed, depositing the carbon onto the iron particles (figure 83). 
Figure 83 SEM image of MWCNTs grown from iron catalyst particles embedded in a 
silica matrix178. 
Since then, a large research effort has been put into the synthesis of well 
aligned CNT bundles179,180,181. Singh et al. synthesised MWCNTs182 by 
simultaneously injecting both the feedstock and catalyst precursor into the 
furnace. The length and diameter of the nanotubes could be separately 
controlled by adjusting the growth time, temperature and reactant 
concentrations. The use of these aligned CNTs for the production of aligned 
TiO2 is discussed below (sections 6.1.4 and 6.2.3). 
A variety of other synthetic strategies for the growth of aligned arrays of TiO2 
nanowires and nanotubes have been developed, including the use of porous 
alumina183,184,185 and mesoporous silica186 as templates. TiO2 nanotubes have 
also been grown from TiO2 seeds on a titanium foil by reaction with sodium 
hydroxide187. Another common approach to TiO2 nanostructure fabrication is 
via the anodisation of a titanium thin film. This synthetic procedure involves 
anodic oxidation of a pure titanium sheet in aqueous solutions of chromic 
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acid26, hydrogen fluoride188, H2SO4/HF189, ammonium fluoride/ammounium 
sulphate19° and fluorinated dimethyl sulphoxide191. These experiments were 
all performed at room temperature until it was recently discovered by 
Macak et al. that reducing the temperature of reaction to just above 0°C 
resulted in better defined nanotubes192. However, further improvements to the 
structures at temperatures below 0°C are unlikely to be realised because the 
solubility limit for Ti-oxyhydrides is exceeded. 
Methods for the growth of TiO2 nanorods by metalorganic chemical vapour 
deposition (MOCVD) have also been developed. Pradhan et al. synthesised 
TiO2 nanorods27, using TTIP as a precursor, at 500°C (figure 84a). A MOCVD 
approach was subsequently employed by Wu et al. in the synthesis of 
anatase and rutile nanorods and nanowalls193. The titanium precursor, 
titanium acetylacetonate, was carried into a furnace at 500 - 700°C and 
-5 torr. TiO2 nanostructures were deposited on the fused silica substrates as 
displayed in figure 84b, c, and d. 
Figure 84 (a) SEM image (and high resolution SEM, inset) of anatase TiO2 nanorods 
synthesised by Prandan et 91.27 and 45°-tilted SEM images of TiO2 nanostructures 
grown at (b) 630°C, (c) 560°C and (d) 535°C synthesised by Wu et a/.193. 
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6.1.4 Templating of Ti02. 
The synthesis of high aspect-ratio, one-dimensional TiO2 nanostructures is 
currently being intensively researched due to the array of potential 
applications in photovoltaics and catalysis into which these structures could 
be incorporated. Recently, TiO2 nanotubes have been synthesised using 
CNTs as a template. Sun et al. mixed an aqueous titanium (IV) chloride and 
ammonium sulphate solution with ball-milled CNTs to produce TiO2 
nanotubes with large diameters25. The product, however, is relatively 
polydisperse and the benefits of CNT templating (very high aspect ratio and 
monodispersity) are not exploited. Eder et al. outlined a four stage process for 
TiO2 nanotube synthesis using CVD grown CNTs194. A tetrabutyloxytitanate 
solution was first dripped into a CNT suspension, which coats the CNTs with 
an amorphous layer of Ti02, which is subsequently annealed to obtain pure 
rutile nanotubes, while the remaining carbonaceous material is burnt off 
(figure 85). The TiO2 nanotubes obtained by this method have a higher aspect 
ratio and have narrower monodispersity than those prepared by Sun et a/.25. 
TiO2 nanotubes have also been synthesised by the electrophoretic coating of 
TiO2 nanoparticles onto CNTs195. 
Figure 85 TEM image of a typical polycrystalline TiO2 nanotube, before the oxidation 
step, observed by Eder et al.. The SAED pattern confirms the presence of both CNT 
and polycrystalline rutile fractions194. 
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While there are now several established synthetic methods for the growth of 
one-dimensional titanium dioxide nanostructures, there is still a need for 
higher aspect ratio, more crystalline samples. Some approaches rely on 
annealing steps to attain crystalline products, which are necessarily 
polycrystalline, or result in low aspect ratio rods, which are not ideal for many 
applications. The studies described in the following sections of the thesis 
describe a new route to aligned TiO2 rods. The work focuses on the 
conversion of CNTs to TiO2 nanorods, via a titanium carbide intermediate. 
Although the synthesis is not strictly a templating (as the carbon in the 
nanotubes is itself reacted to form titanium carbide), it can be viewed as such, 
since the eventual TiO2 product maintains the geometry of the initial CNTs. 
This approach therefore exploits the inherent structural attributes of currently 
available CNTs — the high aspect ratio, variation in diameter (from less than 
1 nm to over 100 nm) and degree of alignment (from parallel to randomly 
tangled). 
Well-aligned MWCNTS were grown in-house via an established CVD 
process182, and provide the perfect structural template from which to obtain 
ultra-high aspect ratio (1:5,000), aligned TiO2 samples. The conversion 
reaction of CNTs to TiC nanorods, pioneered by Lieber28, has previously not 
been performed on aligned CNT samples, or on CNTs of such large diameter 
(40 — 50 nm, compared to 15 nm). The oxidation of TiC nanorods to TiO2 has 
also not previously been investigated. 
6.2 Experimental procedures. 
6.2.1 Materials. 
Chemicals used: ferrocene (Sigma-Aldrich, 98 %); xylene (Fluka, 98.0 %); 
titanium (Sigma-Aldrich, 100 mesh, 99.7%); iodine (Fisher Scientific, reagent 
grade). 
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6.2.2 Synthesis of multi-walled carbon nanotubes via CVD. 
The multi-walled CNTs were grown in a tube furnace (Lenton PTF 15) 
attached to a temperature controller (Eurotherm 2216), using a chemical 
vapour deposition synthesis. A diagram of the furnace set-up is displayed in 
figure 86 and consists of a quartz tube which is sealed to the atmosphere at 
both ends. In a typical reaction, the metallocene/hydrocarbon precursor used 
was a 5 wt% solution of ferrocene in xylene, which was injected, at a rate of 
5 mL/h, using a syringe pump into the furnace, whereupon it is carried along 
by the argon flow. Growth of the MWCNTs occurred on all surfaces of the 
quartz tube, in the hot zone of the furnace. The exhaust gas was then passed 
through an activated carbon scrubber and a paraffin bubbler. The synthesised 
CNTs are then scraped off the inside of the quartz tube for collection. 
End gasket 
Syringe containing 
precursor 
Argon supply 
Furnace 	
Growth of MWCNTs 
Qutrtz tube 
Temperature control 
Figure 86 Schematic diagram showing the furnace set-up for the growth of multi-walled 
carbon nanotubes. 
While the concentration of the ferrocene/xylene solution was held at 5 wt%, 
the temperature in the furnace was set to between 675 and 800°C and the 
duration of the reaction was either 1, 2 or 3 hours. 
The as-grown CNTs were analysed by TEM, SEM, Raman spectroscopy, 
TGA (in air) and XRD. TEM and SEM provide structural and morphological 
information including the degree of crystallinity and alignment of the 
nanotubes. Raman and XRD analyses help to establish the crystal structure 
and presence of any defects. TGA indicates the mass fraction of catalyst 
particles and some sense of the purity of the nanotubes, which depends on 
many factors, including the heating rate, gas • flow, NT diameter, sample 
crystallinity, catalyst nature and content and surface chemistry. However, in 
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general terms; where the on-set of the combustion of the carbonaceous 
material begins, the higher the on-set the purer the sample. 
6.2.3 Conversion of CNTs to TiC nanorods. 
To convert CNT samples to TiC, a tube furnace with a diffusion vacuum pump 
set-up was used (figure 87). In a typical synthesis, the pre-weighed CNTs 
were placed in a long alumina boat, adjacent to ground titanium metal (100 
mesh). The boat was placed, in-between two wads of quartz wool, in the 
centre of a quartz tube, which in turn was put into the furnace. One end of the 
quartz tube was attached to the vacuum set-up and the other end was 
connected to a tap system for addition of iodine into the tube (the iodine is 
present in its solid state (at 1 atm) until the tap is opened, whereupon it 
gradually vapourises and is transported into the furnace). 
	L 
Figure 87 Photograph and schematic diagram displaying the furnace set-up for the 
conversion of CNTs to TiC at low pressure and high temperature. 
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After the reactants had been positioned, the quartz tube was evacuated, first 
using the rotary pump, then using the diffusion pump backed by the rotary 
pump. A minimum pressure of -5 x 10-4 mbar was achieved on using the 
diffusion pump. The high vacuum is needed to both encourage the formation 
of the volatile titanium-iodine species and to prevent undesired oxidation of 
the CNTs. The conversion to carbide proceeds by the reaction with titanium 
iodide, formed in situ: 
Ti14(g) + C(s) 	TiC(s) + 2I2(g) 
This reaction is more favourable for the iodide than the corresponding 
bromide or chloride, and is encouraged by high temperatures. At atmospheric 
pressure, and 800°C, the calculated free energies for the conversion are 462, 
311, and 105 kJ mol-1, for X = CI, Br, and I, respectively. To calculate, in the 
case of iodine, at what pressure AG becomes less than zero and hence, the 
reaction becomes favourable, the following equation is used: 
Pf 
G(pf ) = G(p) + SVdp 
Pi 
Pf 
:. 0 =105 + 10.004dp 
101325 
••• -105 = 101,2f5 [0.004p] 
.*. -105 = 0.004pf - (0.004 x 101,325) 
...pf = 75,075 Pa (= 751 mbar) 
Hence, the reaction proceeds at pressures of <751 mbar, however, it would 
be very slow at this pressure and most experiments were conducted in the 
pressure range 1x10-2 - 1x10-3 mbar. When the reaction tube was evacuated 
to a sufficient degree, the heating program was started and the furnace 
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switched on. The furnace temperature was raised at 15°C/min to a maximum 
of between 800 and 1150°C and subsequently held at that temperature for 6 —
10 h. As the rising temperature reached —500°C the iodine tap was opened 
for 1 min. During the course of the reaction, the tap was opened (for 1 minute 
at a time) every hour to allow a fresh supply of iodine (supplied in excess) in 
the reaction chamber. The high vacuum was re-established before each fresh 
addition of iodine. The wads of quartz wool allowed the iodine vapour to 
access the titanium but were included to keep the titanium iodide in the 
vicinity of the CNTs. The cold trap prevented any volatile species from 
entering and damaging the pumps and also helped to maintain a high vacuum 
by 'cryogenic pumping'. At the end of each reaction, the furnace was kept 
under vacuum as it cooled to prevent any oxygen entering the furnace and 
oxidising any remaining CNT material. 
The conversion of a variety of CNT samples, displayed in figure 88, was 
attempted: 
• Figure 88a — Aligned multi-walled. CNTs (grown by CVD as described 
above; diameter 30 — 50 nm, length 100 —1000 pm). 
• 88b and c — Aligned nitrogen-doped multi-walled CNTs (grown in-
house by Laleh Safinia; diameter 70 — 120 nm, length 100 — 200 pm). 
• 88d — Semi-aligned multi-walled CNTs grown with acetylene on a 
sputtered Fe catalyst (grown in-house by Ruth Pearce; diameter 40 —
60 nm, length 50 — 100 pm). 
• 88e — Double-walled CNTs (supplied by Toray Research & 
Development; mean diameter - 5 nm). 
• 88f — Single-walled CNTs (supplied by Carbon Solutions; mean 
diameter - 1.6 nm). 
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Figure 88 Electron microscopy images of CNT samples, used in conversion reactions 
(a) pure CNTs, grown by acetylene decomposition, (b) and (c) N-doped CNTs, (d) pure 
CNTs, grown by xylene decomposition (see section 6.3.1), (e) DWCNTs and (f) 
SWCNTs. 
In Lieber's original paper176  the conversion of CNTs to TiC was performed at 
1375°C resulting in single crystal nanorods. However, in the follow up28, 
conversions were carried out at between 560°C (just above the —500°C 
needed for the Ti-I precursor to form, resulting in a 2 nm TiC coating on the 
original CNT) and 790°C (resulting in complete conversion of the CNT to TiC). 
In the current studies, all reactions were carried out above 790°C, with the 
aim of achieving a complete conversion from carbon to titanium carbide. 
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However, due to the constraints of equipment, the highest temperature 
employed was 1150°C. It was hoped that the elevated temperatures would 
encourage a single crystal conversion and increase the rate and degree of 
conversion. The duration of reaction of MWCNTs was varied between 10 and 
14 hrs to investigate the increase in degree of conversion achieved. 
Reactions involving DWCNTs and SWCNTs were carried out for 6 h as it was 
presumed that the conversion of one or two layers of graphene would occur 
much quicker than the multiple layers in larger diameter tubes. 
The TiC samples were analysed by TEM and SEM (including EDX) which 
provided information about the internal structure and composition and 
macrostructure and alignment of the nanorods, respectively. Raman 
spectroscopy and XRD indicate the crystallinity of the sample and the 
presence of any impurities. TGA, in air, was performed on all TiC samples 
and the temperature programs used reflected those used for • the bulk 
conversion of the TiC samples to TiO2 in the furnace, described below (i.e. 
initial temperature ramp of 10°C/min to either 800°C or 525°C, then an 
isothermal step for either 30 min or 24 h respectively). The TGA data 
identifies the conversion temperature and the yields of the two steps. 
6.2.4 Conversion of TiC to Ti02. 
All samples prepared by conversion of CNTs to TiC material were then 
oxidised primarily to convert the TiC to TiO2 but also to burn off any remaining 
carbonaceous material. The TiC sample was placed in an alumina boat which 
was inserted directly into a tube furnace, the ends being left open to the 
atmosphere. In order to control the TiO2 phase obtained, oxidations were 
either performed at 800°C (to convert to pure rutile) or 525°C (to convert to 
pure anatase). The temperature of the furnace was raised to the desired 
reaction temperature at a rate of 10°C/min and then held at either 800°C for 
30 min or 525°C for 24 hrs. 
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The final TiO2 samples were analysed by TEM, SEM and EDX, again for 
structural, morphological and compositional information. Raman and XRD 
were used to identify the crystal phase present (either anatase or rutile). 
6.3 Results. 
6.3.1 Synthesis of MWCNTs via CVD. 
MWCNTs were successfully grown using chemical vapour deposition of a 
ferrocene/xylene mixture at a range of temperature, ferrocene concentration 
and duration. Syntheses performed at 760°C had previously been found to 
result in the least defective nanotubes (according to /DIG ratio from Raman 
spectra) with the highest carbon yield182. Analysis was therefore concentrated 
on MWCNT samples grown at this temperature. Figure 89 shows FEGSEM 
images of an aligned array of nanotubes grown at 760°C, with a ferrocene 
concentration of 5 wt% and a duration of 1 h. Low resolution images (such as 
figure 89a) show that the nanotubes have length of —120 pm (however, 
nanotubes of up to 500 pm were observed). The faint white bands which can 
be seen perpendicular to the predominant direction are most likely caused by 
an increase of catalyst particles in these areas, due to slight disruptions in the 
injection flow of the feedstock solution196. In the medium resolution image (b) 
it can be seen that although the nanotubes are 'wavy' along their length, they 
are well aligned overall. The high resolution image (c) demonstrates an in-situ 
analysis of the diameters of two nanotubes, indicating that typical diameters 
are in the order of 35 - 55 nm. The average diameter had previously reported 
to be —45 nm, which is in good agreement. 
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Pe 1 = 56 13 nm 
Pb 1 = 126.4 ° 
Figure 89 FEGSEM images of MWCNTs grown at 760°C, with a 5 wt% xylene solution, 
for 1 h (a) at low resolution with length analysis (b) at medium and (c) at high 
resolution with diameter analysis. 
TEM analysis was also performed on the same sample. In figure 90a the 
aligned nature, hollow cores and catalyst particles of the nanotubes can be 
discerned. The tubes have a mean diameter of 40.2 ± 16.2 nm (by statistical 
analysis of thirty five separate nanotubes), which is close to the figure 
observed by SEM analysis. The cores of the tubes (which cannot be observed 
by SEM) are roughly 8 nm in diameter. The structures are generally straight 
but do contain kinks and imperfections, which are generally found near 
catalyst particles. Figures 90b and c are high resolution TEM images of 
different areas along the same tube. A relatively straight area can be seen in 
(b); the graphitic layers are clearly visible and a thin layer of amorphous 
carbon can be seen surrounding the crystalline part of the tube. The spacing 
of the graphitic layers can be measured directly from the TEM and, taking an 
average of 20 layers, can be calculated to be 0.348 nm, which is very close to 
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the accepted literature value197. A 'kink' in a tube is displayed in (c), where the 
graphitic layers are less well defined and there is a thicker layer of amorphous 
carbon. 
Figure 90 TEM images of MWCNTs grown with conditions 760°C/5 wt%/1 h at low 
resolution (a) and at high resolution (b) a straight section of a nanotube and (c) a kink 
in a tube. 
The powder X-ray diffraction pattern (figure 91) obtained also confirms the 
presence of graphitic carbon. The MWCNTs diffract predominantly from the 
(002) planes at 29 = 26°, as expected, and there are small peaks present at 
20 = 43° and 53°, from diffraction of the {100} and (004) planes respectively. 
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Figure 91 XRD spectrum of MWCNTs (760°C with 5 wt% ferrocene for 1 h), with the 
diffraction from the (002), {104 and (004) planes of graphitic carbon. 
CNTs grown for two and three hour durations were progressively longer, in 
agreement with the literature (data not presented). 
6.3.2 Conversion of CVD grown MWCNTs to TiC nanorods. 
As-prepared mats of aligned MWCNTs (grown at 760°C, with a 5 wt% solution 
for 1 h) were converted to TiC nanorods via reaction at low pressures and 
high temperatures with a volatile titanium iodide species. TEM and SEM 
images of a sample converted at 790°C, for 10 h, are displayed in figure 92. 
From the SEM image (figure 92a) it is clear that the titanium carbide nanorods 
retain a very similar structure to the MWCNT template; they are wavy, but well 
aligned and are of comparable diameter (-45 nm). The low-resolution TEM 
image (b) indicates the presence of a granular structure, with a rough surface. 
The core of the nanotube can still be observed, which suggests that the 
conversion from carbon to titanium carbide has not reached completion. This 
fact is confirmed by the corresponding SAED pattern (c), with the presence of 
the characteristic (002) spots of graphitic carbon along with rings of spots of 
cubic TiC; {111} {200} {220} {311}. During TEM and SEM analysis (figure 92e 
and ringed areas in d) it was noticed that at the ends of the nanorods (and 
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occasionally along the lengths of the nanorods) small segments of the TiC 
material were missing, exposing the carbon core. It is thought that due to the 
polycrystalline nature of the TiC, on processing of the sample for microscopy 
(solvation and sonication), small segments were loosened and disconnected 
from the rods. The bare sections of MWCNT are approximately 12 nm in 
diameter, which indicates that most of the outer layers of the nanotubes have 
converted to TiC (e.g. for an average core diameter of 8 nm, the remaining 
CNT wall has a thickness of —2 nm, or —6 graphitic layers). A high resolution 
TEM image section of a nanorod (f) reveals its fine structure and crystalline 
nature. The crystal grains appear to be randomly oriented, and are 
approximately 5 — 10 nm in diameter. The 0.22 nm lattice spacing of the {200} 
planes of cubic TiC can be observed. 
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Figure 92 Electron microscopy of an aligned array of TiC nanorods: (a) SEM image (b) 
TEM image and (c) corresponding SAED pattern (d) SEM image of the tips of the 
nanorods with bare MWCNTs ringed (e) TEM image of a bare section of remaining 
carbon nanotube material (f) high resolution image of a section of TiC with the {200} 
lattice planes of cubic TiC indicated. 
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The XRD pattern of the titanium carbide nanorods is displayed in figure 93. 
The peaks observed at 20 = 36°, 42°, 61°, 73° and 76° can be assigned to the 
{111} {200} {220} {311} and {222} planes of cubic TiC. The peak at 26° is due 
to graphitic carbon and the peaks at 27°, 54°, 57° and 69° result from the 
rutile phase of TiO2. Hence, this data confirms that the product does retain 
some graphite, due to incomplete conversion, but that there is also some 
rutile present, presumably due to imperfect exclusion of oxygen from the 
reaction vessel. 
Figure 93 XRD pattern of TiC nanorods converted from MWCNTs. 'TIC' indicates a 
titanium carbide peak, 'C' indicates a graphitic carbon peak and 'R' indicates a rutile 
peak. 
To calculate the degree of conversion of carbon to titanium carbide in the 
reaction, thermogravimetric analysis was performed. A small amount (-3 mg) 
of the TiC product was placed in the sample pan. Figure 94 shows the weight 
change observed during the temperature ramp: Below 300°C approximately 
1% of the mass is lost due to evaporation of residual moisture, solvents and 
iodine. However, between 300°C and 481°C a weight gain of —22 % occurs. 
Above 481°C the weight reduces; slowly below 600°C then more swiftly until 
85.3% of the original weight remains at 800°C (the 30 minute hold ensures 
that the final equilibrium mass is reached; a plot of mass against time (x-axis) 
of the run finishes with a flat section indicating that the reaction is complete). 
The plot indicates that the conversion of TiC to TiO2 begins at —300°C and 
continues until —600°C; the expected increase is around 33% (Mr TiC - 59.9, 
Mr 1102 - 79.9). Conversely, the combustion of the remaining graphitic 
component (resulting in weight loss) begins at —500°C and continues until the 
carbon is completely removed. From this data, it is possible to estimate initial 
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conversion product is —64 wt% TiC, the remainder being MWCNTs (a small 
fraction of rutile TiO2 is also present). 
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Figure 94 TGA plot of a TiC sample raised to 800°C at a rate of 10°Cmin'1  then held at 
800°C for 30 minutes. 
6.3.3 Conversion of TiC samples to Ti02. 
The products of oxidations of TiC samples performed at a range of 
temperatures. 800 and 525°C were found to be the most effective and were 
studied in detail by TEM, SEM and XRD and Raman spectroscopy. If the 
maximum temperature of conversion was less than 525°C the remaining CNT 
material was not fully oxidised. On the other hand, if the temperature was 
higher than 525°C, a higher fraction of rutile TiO2 was introduced into the 
predominantly anatase sample. A conversion at 800°C ensured complete 
conversion to pure rutile which increased the size of the crystal grains in the 
nanorods without having a detrimental effect on their structure. Conversion at 
1150°C resulted in fusion of the nanorods into large particles (several microns 
across) of rutile and complete loss of their one dimensionality (see figure 
100). Electron microscopy analysis of an 800°C conversion sample is 
displayed in figure 95. The medium- (a), high- (b) and low- (c) resolution SEM 
images indicate that the macrostructure of the original CNTs has been broadly 
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retained: the TiO2  nanorods are several hundred microns in length and are 
wavy but well aligned over their length. The nanorods have a beaded 
structure, indicating that they are not single crystals. This polycrystallinity is 
also observed in the TEM image of a single nanorod (d). The 'beads' of TiO2 
extend over the width of the nanorod and are -100 nm long but are not 
crystallographically oriented. Analysis of the SAED pattern (e) confirms that 
the sample is rutile (rings are indexed in the figure). A high resolution TEM 
image of a rutile nanorod is provided in figure 99b. 
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Figure 95 Electron microscopy analysis of a conversion sample after oxidation at 
800°C. (a) - (c) are SEM images of the sample and (d) is a TEM image of a single 
nanorod with the corresponding SAED pattern (e). 
The XRD data for the sample also confirms that the sample is pure rutile 
(figure 96, peaks corresponding to rutile are indexed). 
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Figure 96 XRD plot of a conversion sample after oxidation at 800°C. 'Ft' indicates the 
rutile peaks and the corresponding crystal planes are given. 
After oxidation of a TiC sample at 525°C, anatase nanorods are produced 
(figure 97). The macrostructure of the sample is the same as the rutile 
sample, however, the 'beads' of anatase are smaller (figure 97a) than those in 
the rutile sample: —20 nm in diameter and they do not extend across the width 
of the nanorod. The corresponding SAED pattern confirms that the sample is 
predominantly composed of anatase (indexed in figure 97b). However, there 
are additional spots which are derived from rutile Ti02, indicating that the 
sample is not 100% pure anatase (see below for discussion). A high 
resolution TEM image of an anatase nanorod is provided in figure 99a. 
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Figure 97 TEM image (a) and corresponding SAED (b) of a conversion sample after 
oxidation at 525°C. 
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The XRD pattern of the 525°C derived sample also confirms that anatase is 
the predominant phase in the sample, however, peaks corresponding to rutile 
are also observed (figure 98). From the ratio of the area under the largest 
anatase peak (at 25°) and the largest rutile peak (at 27°), it is possible to 
estimate a figure for the amount of rutile present in the sample as —6%. The 
small rutile peaks observed are thought to be due to retention of the rutile 
component from the original conversion reaction to TiC. 
134 
50 20 	 30 	 40 60 70 
A {112} 
R {210} 
A {004} 
A (103) 
R{110}!4, 
R (101) 
A {200} 
A{105} 
A {204) 
A {116} 
A {101} 
20 (°) 
Figure 98 XRD plot of a conversion sample after oxidation at 525°C. 'A' and 'R', 
respectively, indicate the anatase and rutile peaks and their associated crystal planes. 
To directly compare the crystallinity of the rutile and anatase products, high 
resolution TEM images were obtained for both samples (figure 99). In the 
rutile sample (a) the {110} lattice planes with a d-spacing of 3.3 A are 
observed and in the anatase sample (b) the {101} and (004) planes with d-
spacings of 3.5 and 2.4 A respectively are visible. 
Figure 99 High resolution images of (a) a sample converted at 800°C with the {110} 
plane of rutile indicated and (b) a sample converted at 525°C with the (004) and {101} 
planes of anatase indicated. 
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TEM analysis of the material obtained from a conversion at 1150°C is 
displayed in figure 100. The orientation of the previous nanorods has been 
completely lost. 
Figure 100 TEM image of the rutile material resulting from a conversion at 1150°C. 
6.3.4 Comparative analysis. 
Raman analysis was also performed after each of the three stages of the 
conversion (figure 101). The spectrum obtained from the as-grown CNTs (a) 
exhibits clear graphitic and associated defect peaks at around 1325 and 
1570 cm-1, respectively. The spectrum obtained after conversion to TiC (b) 
contains peaks at 260, 420 and 605 cm-1, which correspond to titanium 
carbide198, and retains the peaks associated with the CNTs199. Only rutile 
peaks77 are present (240, 440 and 608 cm-1) in the spectrum of a sample 
converted at 800°C (c), whereas in the sample converted at 525°C, both 
anatase peaks77 (397, 513 and 635 cm-1) and one rutile peak at 440 cm-1, are 
observed (d). 
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Figure 101 Raman spectra of (a) as-grown CNTs (b) after a conversion to TiC (c) after 
oxidation at 800°C and (d) after conversion at 525°C. 'A' and 'R', respectively, indicate 
the peaks corresponding to anatase and rutile. `TIC' indicates peaks corresponding to 
titanium carbide and CNT-(D) and -(G) correspond to the peaks associated with the 
defect and graphitic components of CNTs respectively. 
Energy dispersive X-ray spectroscopy (EDX) analysis was also performed (in-
situ, during SEM analysis, see section 3.2.1) on a TiC and TiO2 sample and 
confirms the elemental make-up of each sample. In figure 102a, taken from 
the TiC sample, peaks for titanium and carbon are observed as well a small 
oxygen peak, again suggesting a small fraction of TiO2 is present in the 
sample. It cannot be ascertained how much of the carbon present is in its 
elemental state or in the form of TiC. In figure 102b, obtained from the TiO2 
sample, large peaks for titanium and oxygen and a small peak for carbon are 
present. The carbon peak could be caused by the carbon film on which the 
sample resides, as there is unlikely to be any remaining in the sample. A very 
small peak corresponding to iron is also observed and is due to the catalyst 
particles in the original CNTs. Continuous 'background' spectra, due to 
Bremsstahlung, are observed in both spectra. However, they provide no 
useful information in regard to the elemental makeup of the sample and can 
be ignored. 
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Figure 102 Energy dispersive X-ray spectra of a CNT sample first converted to TiC (a) 
and then to TiO2 (b) peaks attribution from 
http://microanalyst.mikroanalytik.de/poster.phtml.  
6.3.5 Conversion of other CNT samples. 
In order to test the generality of the conversion reactions, a variety of starting 
nanotubes samples were also investigated (figure 88). It was not known 
whether the intrinsic crystallographic and electronic properties of the 
nanotubes would have an affect on the conversion reaction. The acetylene 
grown nanotubes (figure 88d) have similar internal structure and morphology 
to the xylene grown CNTs (figure 88a)178. Hence, it was expected that these 
tubes would react in the same manner. The N-doped tubes71'20° have 
comparatively thin walls and large cores, which could affect their conversion 
(figure 88b) but are highly aligned and could provide excellent structural 
templates (figure 88c). The N-doped tubes also obviously contain a small 
fraction of nitrogen, the subsequent fate of which, in reaction with titanium 
iodide, was unknown. The small diameter nanotubes (which were tangled, 
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rather than aligned) were used to explore the procedure's versatility. The 
DWCNT and SWCNT samples are displayed in figures 88e and f, 
respectively. The nanotubes are agglomerated in both cases, and these 
aggregates are surrounded by a layer of amorphous carbon, both of which are 
factors which could affect the conversion. 
6.3.5.1 N-doped CNTs. 
The product of the reaction of titanium iodide with N-doped CNTs was studied 
by TEM (figure 103). It was observed that, like pure CNTs, the N-doped tubes 
undergo a partial conversion to TiC. 10 - 20 nm grains of TiC can be 
discerned and the hollow core of the original nanotube is still visible. This 
interpretation is confirmed by the SAED pattern which again exhibits the (002) 
spots of the remaining graphitic content, in addition to rings of spots relating to 
lattice spacings of 2.51, 2.14, 1.53 and 1.32 A which confirm that TiC is 
present ({111}, {200}, {220} and {311} planes respectively). Although the 
nitrogen in the tubes might react to form TiN, the -1 % fraction is too small to 
be detected. In any case, the nitrogen is unstable in the graphite lattice at 
around 800°C and is probably lost as N2 gas201. The structure of the nanorod 
is still very straight and its diameter is -100 nm, which is similar to the 
average diameter of the original nanotubes. 
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Figure 103 TEM image of an N-doped CNT after reaction, at -1 x 10.2 mbar, with volatile 
titanium iodide. The inset displays the corresponding SAED pattern. 
After the sample is oxidised at 800°C, the remaining graphitic content burns 
off and the TiC forms polycrystalline TiO2 rods in a similar manner to pure 
CNTs. Figure 104a displays a low resolution TEM image of the sample. Due 
to the close packing of the original N-doped CNTs, it is difficult to discern 
whether the structures are continuous, but distinct rods are present. The high 
resolution image of a nanorod (figure 104b) indicates that it is highly 
crystalline, with the {110} lattice planes of rutile clearly observed. The inset 
SAED pattern also exhibits spots which can be assigned to rutile phase TiO2 
(d-spacing 3.25, 2.48, 2.19, 2.06 and 1.69 A, which correspond to the {101} 
{110} {111} {210} and {211}, respectively, lattice planes of rutile. 
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Figure 104 TEM image of the oxidation product at 800°C of converted N-doped CNTs at 
(a) low resolution and (b) high resolution (white lines indicate the width of 20 lattices 
planes, 6.4 nm, therefore 0.32 nm lattice spacing). Inset displays SAED, which exhibits 
a spot pattern which can be attributed to polycrystalline rutile. 
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6.3.5.2 CNTs grown on prepared iron catalyst with acetylene. 
Aligned arrays of TiC nanorods were also prepared from CNTs grown by the 
decomposition of acetylene (figure 105). As with previous samples, the 
conversion from carbon to titanium carbide was not complete. The hollow core 
of the original nanotubes is visible and the SAED (figure 105, inset) confirms 
that graphitic material, as well as crystalline TiC, is present. Again, like 
previous samples, the overall alignment and size distribution of the 
nanostructures is retained. 
Figure 105 TEM image of an array of acetylene grown CNTs after reaction, at 
-1 x 10' mbar, with volatile titanium iodide. The inset displays the SAED pattern, which 
exhibits the (002) spots of the remaining graphitic content, in addition to rings of spots 
relating to lattice spacings of TIC. 
Due to the small mass of acetylene-grown CNTs which were available for 
conversion to TiC, a further conversion of the sample to TiO2 was not 
possible. However, it is expected that under the same conditions (oxidation at 
800 or 525°C), analogous rutile and anatase nanorods would be synthesised. 
6.3.5.3 Commercial DWCNT and SWCNT samples. 
TEM images of DWCNTs and SWCNTs (figures 106a and b, c respectively) 
reacted with titanium iodide reveal that the conversion has not been 
142 
A 
50 nm 
••,.4* 
•  
200 nm 
successful on small diameter CNTs. In both samples it appears (a and b) that 
the carbon structure of the nanotubes is unaffected by the reaction. However, 
grains of TiC are formed (as confirmed by the SAED pattern, figure 106a 
inset), which agglomerate into large clumps. The high resolution TEM image 
of the SWCNT sample (c) indicates that the tubes now have a clean surface, 
free from the amorphous carbon which originally coated them. 
Figure 106 TEM images of (a) DWCNTs and (b) and (c) SWCNTs after reaction, at 
-1 x 10-2  mbar, with volatile titanium iodide. The inset of (a) displays the corresponding 
SAED pattern, which exhibits rings of spots relating to lattice spacings of TiC. 
TEM images collected after the samples are oxidised at 800°C are displayed 
in figure 107. In both cases, the grains of TiC have now converted to rutile 
Ti02, as confirmed by the diffraction rings in the SAED patterns (a and b 
insets). There appears to be a bi-modal size distribution, with a majority of 
small grains (-15 nm diameter) interspersed with several large grains 
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(-100 nm diameter). As expected, the DW- and SW-CNTs themselves (which 
appeared to be unaffected by the Til reaction) are fully oxidised by the 
treatment and are no longer observed. 
{110} 
Figure 107 TEM image of the oxidation product at 800°C of converted SWCNTs. Inset 
displays SAED with a ring pattern which can be attributed to rutile. 
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6.4 	Discussion of conversion reaction results. 
Due to the different outcomes, the discussion of the reactions will be divided 
into two groups: 
• Large diameter CNTs (xylene grown, acetylene grown and N-doped 
CNTs (original diameters of 30 — 50 nm, 40 — 60 nm and 70 — 120 nm 
respectively)). 
• Small diameter CNTs (DWCNTs and SWCNTs (original mean 
diameters of 5 nm and 1.6 nm respectively)). 
6.4.1 Large, aligned CNT conversions. 
Aligned arrays of TiO2 nanorods have been successfully synthesised using 
aligned, large (>30 nm) multi-walled carbon nanotubes, grown by three 
different CVD methods, as templates. Although the initial conversion to TiC 
did not proceed to completion, the final products were pure TiO2 in all cases. 
The original structure of the templated CNTs was also broadly retained, the 
TiO2 nanorods having similar diameter and lengths to their respective source 
CNTs. Thus, the method can leverage the existing expertise in CNT growth to 
produce TiO2 arrays of different dimensions. The conversion to carbide 
proceeds by the reaction with titanium iodide, formed in situ: 
	
Ti14(g) + C(s) 	TiC(s) + 2I2(g) 
The subsequent oxidation of TiC to TiO2 occurs at atmospheric pressure and 
temperatures in excess of —420°C. The reaction is kinetically limited and is 
thought to proceed by the initial formation of an anatase layer of the surface of 
TiC, which below 420°C acts as a barrier to the subsequent diffusion and 
hence reaction of oxygenm. 
TiC(s) + 202(g) 	1102(s) + CO2(g) 
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It is difficult to directly compare the reaction rates with Lieber's work, due to 
the different dimensions of the nanotubes and the different reaction process. 
However, the incomplete conversion of the CNTs could simply be due to the 
reaction duration: When 15 nm diameter CNTs were reacted at 790°C for 
10 h28, a complete conversion was observed (figure 82f). On the other hand, 
when an analogous reaction was performed for 5 h, only a partial conversion 
occurred (figure 82e). In these studies, the —40 nm CNTs were also reacted 
for a maximum of 10 h (due to equipment and laboratory constraints), 
resulting in a partial conversion. Therefore, the limiting factor could simply be 
the diffusion rate of the Ti into the CNT and hence the —40 nm CNTs have 
simply not had enough time to undego complete conversion. 
Alternatively, other factors determining the conversion of carbonaceous 
material to titanium carbide are thought to be the level of the ultimate vacuum 
and the subsequent fluctuation of the chamber pressure. Due to imperfect 
sealing of the chamber the ultimate vacuum achieved in the system was 
1 x 10-4 mbar (the lowest pressure obtained with the diffusion pump was 
—5 x 10-8 mbar). The pump was also periodically switched off, during the 
iodine introduction, to prevent loss of the volatile iodine and titanium iodide 
species. During these periods, the pressure in the chamber increased to 
—1 x 10-1  mbar, above the maximum pressure required for reaction of carbon 
and Til. The change in pressure is partly due to iodine sublimation but also to 
leakage of air into the system, leading to a small but significant presence of 
oxygen. This oxygen content led to the small fraction of rutile found in the 
samples in one of two ways: either the oxygen reacts with the titanium iodide 
vapour, forming titanium oxide vapour directly, which then deposits on the 
surface of the nanowires. Alternatively, the titanium iodide reacts with the 
carbon nanotubes, forming titanium carbide, which is then oxdidised in-situ by 
the oxygen present. Unfortunately, the location of the rutile was not identified 
during the microscopy of the TiC sample. When experiments were performed 
at 1150°C, the carbon nanotubes were found to be completely oxidised during 
the reaction. This effect can be attributed to a higher rate of oxidation and an 
increased leak rate at higher temperature, as the joints at either end of the 
furnace contained rubber, which becomes more gas permeable. Due to the 
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already significant proportion of rutile present in the TiC products, additional 
reactions at temperatures between 800 and 1150°C were not attempted. 
Conversions (under identical conditions) of the other larger CNTs resulted in a 
similar degree of conversion and an analogous structure. 
Despite the partial conversion of CNTs to TiC, a complete conversion of TiC 
to TiO2 was achieved in all cases. Although the rutile nanorods were phase 
pure, the anatase product contained a small amount of rutile (-6 %). 
However, since this small fraction is already present after the initial 
conversion of CNT to TiC it is thought that the conversion of the titanium 
carbide to anatase (at 525°C) is also completely efficient. The phase 
preference of TiO2 is that typically observed, with rutile forming above 600°C. 
The rutile nanorods consist of crystal grains of —100 nm in length, having the 
width of the nanorod. However, the predominantly anatase nanorods consist 
of grains —20 nm across. It has previously been observed203 that rutile is 
unstable as small (<20 nm) grains and that grain size generally increases with 
temperature. An oxidation of a TiC sample was performed at 1150°C in 
attempt to obtain a larger grain size or perhaps even single crystal rutile 
nanowires. However, the sample completely lost its wire-like morphology and 
agglomerated into large (tens of microns) clumps of rutile TiO2. It is also 
possible that the formation of granular TiO2 could be due to the detachment of 
TiC grains from the nanorods (possibly during handling and heating of the 
material), leaving an imperfect structure which in turn prevents single crystal 
formation. 
The conversion of TiC nanorods, based on N-doped CNTs, to TiO2 was 
complete, however the macrostructure, which had been inherited by the TiC 
sample, was not fully retained. The resulting TiO2 nanorods, although highly 
crystalline rutile, were agglomerated and formed a branched network of 
crystals. Two factors may contribute to this change in morphology. On the one 
hand, the large cores of the N-doped nanotubes can collapse to form 
polycrystalline segments during the conversion reaction. On the other hand, 
the close proximity of the original nanotubes also prevents the synthesis of 
distinct nanorods, resulting in the branched structures observed. It is worth 
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noting that the width of the hollow core is of the same order as the separation 
of the nanotubes. 
For many applications, single crystal components are likely to be favourable, 
as this usually encourages efficient electron transfer. However, it has recently 
been shown, by various photocatalytic and photoelectrochemical studies2°4 
that mixed phase TiO2 has a higher (re)activity than either pure rutile or pure 
anatase nanomaterials. This improvement is thought to occur by the rutile 
component both extending the wavelength range of activity of the catalyst and 
shuttling electrons to anatase away from holes, leading to a more active 
catalyst. 
It is also possible that the branched TiO2 structures formed by conversion of 
N-doped CNTs may prove useful in some applications. There is some debate 
between dye-sensitised solar cell researchers as to whether aligned, one-
dimensional TiO2 structures are actually more efficient than an array of 
randomly oriented, zero-dimensional crystallites205. Aligned TiO2 rods are 
highly efficient at light capture, however, once the electron/hole pair is formed, 
there is only one path for the electron to take to the FTO electrode. However, 
with a branched network of either O-D crystallites or (in this case) 1-D 
crystallites, the electron has a variety of paths to choose and might be less 
likely to recombine with a hole. 
6.4.2 Small diameter CNTs conversions. 
The conversions of small diameter CNTs to TiC then TiO2 were not as 
successful as those of large diameter CNTs, however, they did provide some 
interesting results, which are worth discussing. The starting material for both 
the single-walled and double-walled CNTs consisted of the nanotubes 
themselves, surrounded by a thick layer of amorphous carbon (figure 88e 
and f). In both cases, after reaction with volatile Til at high temperature, the 
amorphous carbon had converted to TiC, while the nanotubes remained as 
pure carbon. The TiC did not remain as a coating on the nanotubes and had 
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migrated along the nanotubes to form agglomerates. The reaction has left the 
SWCNTS and the DWCNTs free from amorphous carbon as the respective 
TEM images indicate. The amorphous carbon clearly reacts preferentially 
(see below); some nanotubes probably also react, however, due to their size, 
they are destroyed as soon as they react, so are not observed. It is possible 
that a pre-treatment to purify the nanotubes and clean the surfaces might 
encourage conversion, however this investigation was beyond the scope of 
this project. 
The reasons why the amorphous carbon reacts preferentially to the CNTs are 
not clear. Most reports, concerning the washing of amorphous carbonaceous 
debris from SWCNTs (using concentrated acids under reflux), rely on the 
increased susceptibility of amorphous carbon to oxidation206. The SWCNTs 
are oxidised to an extent in these procedures but broadly retain their structural 
integrity. Conversely, a study published recently, based on the CO2 
concentration derived from the combustion of carbonaceous materials, 
deduces that the oxidation temperature of SWCNTs is lower than that of 
amorphous carbon207. However, these studies are not directly analogous to 
those reported here and because in our reaction the conversion with Til is 
much closer to the thermodynamic limit (compared to oxidation) it may be 
more selective. 
During analysis of the conversion product it was postulated that, due to the 
stripping of the amorphous carbon from the SW- and DW-CNTs by reaction 
with Til, it might be possible to wash out the clumps of TiC, resulting in pure 
nanotubes. A plausible solvent was researched which would dissolve the TiC 
but leave the nanotubes unaffected. Concentrated nitric acid was hence 
employed and a suspension of nanotubes was prepared, sonicated and 
filtered. However, TEM investigations, comparing the original to the 'washed' 
sample revealed that the clumps of TiC remained in the sample alongside the 
SWCNTs. Despite this, with more experiments; further washes, using more 
concentrated HNO3 and heating the solution to encourage solvation of the 
TiC, it might prove more successful. These further experiments were however 
beyond the scope of this investigation. 
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When the converted samples were burnt in air at 800°C, the clumps of TiC 
were converted to TiO2 whereas the nanotubes and any other remaining 
carbonaceous material was oxidised. This resulted in a polycrystalline, 
interconnected network of Ti02, with a bimodal distribution of crystal size 
(primarily —15 nm diameter and also —100 nm diameter). While this is not the 
structure which was originally conceived, it is still an interesting and useful 
TiO2 material: In current dye-sensitised solar cell design the TiO2 phase most 
commonly used is a polycrystalline 3D network of 10 — 20 nm diameter 
anatase particles208. The material derived from converted SWCNTs, if 
oxidised at 525°C, would closely resemble this and hence could be employed 
in similar applications. However, although the material might offer some 
advantages in crystallinity and morphology, until application tests are 
performed it remains unclear as to whether the procedure is financially and 
practically viable. 
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7 Conclusions. 
A variety of TiO2 nanostructures have been synthesised during the course of 
this thesis. The nanostructures vary in size, shape and crystallinity and range 
from 25 nm long (aspect ratio —8) anatase nanorods to 500 pm long (aspect 
ratio —5000) rutile nanorods. Branched and interconnected structures have 
also been produced. Novel synthetic and analytical techniques have been 
successfully performed, which have improved the knowledge and 
understanding of the syntheses. 
The synthesis of low aspect ratio nanorods was achieved using standard 
methods in both hydrolytic and non-hydrolytic environments. However, the 
hydrolytic synthesis of nanorods in the channels of microfluidic chips was an 
entirely novel procedure. The synthesis rate was increased approximately 
tenfold, due to the increased mixing speeds inferred by the fluidics chip. 
However, the nanorods were agglomerated and could not be separated post 
synthesis, preventing an analysis of their monodispersity. Although the 
amount of product obtained from the reactions and the absolute TiO2 yields 
were low, the reaction could be•performed in several chips in parallel — scaling 
out, as opposed to scaling up, the process. The non-hydrolytic reaction was 
not attempted on chip as it was thought that the volatile reactants in the 
mixture (TiCI4 and TTIP) would boil at the high temperatures required for 
synthesis (>275°C). Boiling would cause severe disruption of the flow in the 
channel, as observed when the hydrolytic reaction was performed at 150°C. 
However, despite the non-suitability of this non-hydrolytic reaction, other 
nanorod syntheses, needing to be carried out at high temperatures, but which 
do not involve volatile reagents, could be performed. Indeed, chip based 
synthesis could be adapted for a wide range of reactions producing 1-D 
nanostructures. 
The non-hydrolytic nanorods have exceptional properties when compared to 
comparable methods: they are highly crystalline, due the sintering effect of the 
high temperature reaction conditions. They are highly monodisperse, due to 
the two stage reaction process. Also, they offer a higher aspect ratio (-11) 
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than many structures synthesised by similar techniques (-8), which is 
advantageous for applications. 
Branched nanostructures were obtained after long reaction times (>10 h) in 
both hydrolytic and non-hydrolytic syntheses. In the hydrolytic case, these 
structures had not previously been reported; in other non-hydrolytic reactions 
reported in the literature, the mechanism for growth had been attributed to an 
initially high concentration of surfactant, which hindered growth along <001> 
directions. In the hydrolytic case, the mechanism of oriented attachment is 
responsible and this conclusion was support by comparison of the yields of 
straight and branched nanorods. However, in the non-hydrolytic case, a 
continued growth mechanism is thought to be responsible for nanorod 
formation. 
The conversion reactions resulted in an array of structures and crystallinities. 
Pure rutile nanorods were obtained but pure anatase material could not be 
produced due to the undesired inclusion of a rutile fraction, which has 
irreversible crystallinity. Reactions were attempted at high temperature in 
order to achieve a single crystal product. However, they were unsuccessful 
due to increased leakage in the system, resulting in a high oxygen 
concentration and combustion of the nanotubes before conversion to TiC 
could occur. Despite these issues, ultra-high aspect ratio, aligned and highly 
crystalline nanorods were produced, using relatively straightforward 
procedures. Because the reaction is a conversion, rather than a templating, 
either pure rutile or, with small improvements to the equipment and/or 
method, pure anatase nanorods could be controllably obtained. The 
conversions of DW- and SW-CNTs did not result in TiO2 nanostructures of 
analogous morphologies. However, the initial nanotubes were highly bundled 
and coated with amorphous carbon and it is thought that well-dispersed 
nanotubes, which are free from amorphous carbon, could convert more 
effectively. Alternatively, the SW- and DW-CNTs may well have converted in 
the initial reaction, but not maintained their structural integrity, broken up and 
not been identified in the electron microscopy analysis. 
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Only one sample was incorporated into a device, and the suitability of the 
nanorods was ascertained. Unfortunately a more vigorous study was beyond 
the scope of this project. It is predicted that the high aspect ratio (5000), 
mixed phase (95 % anatase and 5 % rutile) nanorods would provide an 
excellent, high surface- area TiO2 layer for incorporation into DSSCs. The 
interconnected structures obtained after conversion of the N-doped CNTs are 
also promising. 
153 
7.1 	Further work. 
There are several lines of investigation which were unable, due to time or 
equipment restraints, to be followed. Some possible ideas for further work in 
both the synthetic and application areas are outlined below. 
• It would be advantageous to improve the degree of conversion from 
CNTs to TiC by either improving the vacuum in the chamber, or 
increasing the duration of the reaction. The reduction in the leak rate of 
oxygen into the chamber would also retard the premature formation of 
rutile, which would mean that pure anatase could be formed in the final 
step. If the vacuum level could be increased then the temperature of 
reaction could also safely be raised (without resulting in oxidation of the 
CNTs), possibly resulting in single crystal nanorods. 
• The cleaning, with nitric acid, of the SWCNT sample converted to TiC 
was only attempted once and was unsuccessful. However, with further 
investigations, including varying the concentration of acid and 
washing/filtering techniques, it might prove successful, providing a 
possible alternative route to the cleaning of SWCNTs. 
• It would be interesting to synthesise even longer nanorods via the 
hydrolytic reaction. This might be possible, presuming the oriented 
attachment mechanism is indeed correct, by drip feeding the 
OLEA/TTIP precursor molecules, formed after 1 to 2 hours of reaction, 
into the 6 h mixture. This could result in attachment of two or maybe 
more nanorods, increasing their aspect ratio. 
• Further microfluidic experiments could be performed: if the issue of the 
blocking of the microchannels could be over come, either by 
silanisation or another method, then supplementary and hopefully more 
reliable experiments could be performed. Increasing the channel 
length, and hence the residence (reaction) time, could increase the 
yield of the reactions. 
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• A set of non-hydrolytic reactions could be performed in which the 
dilution of the reactants is varied but the oleic acid concentration is kept 
constant. This would allow a more rigorous study of the dilution effect, 
without affecting the stoichiometry of the reaction. 
• Surface area measurements, using either mercury porosimetry or 
nitrogen adsorption, would provide useful data to compare with the 
synthetic techniques reported in the literature and determine the 
materials' suitability for catalytic and photovoltaic applications. 
• This project was primarily a synthetic one and incorporation of the 
samples into devices was limited. However, in the future, the 
incorporation of several samples into either DSSCs or other 
photocatalytic applications and comparison between themselves and 
other TiO2 structures in reported in the literature, would be interesting: 
o The change in photocatalytic activity could be observed when 
comparing the straight and branched samples obtained at 
different durations through the hydrolytic and non-hydrolytic 
reactions. 
o It would be interesting to compare the activities, in DSSCs, of 
the converted (from xylene grown CNTs) rutile and anatase 
aligned nanorods and the 1-D, but interconnected, nanorods 
originating from N-doped CNTs. 
In summary, there is a bright future for high aspect ratio titanium oxide 
nanoparticles. The range of synthetic techniques; outlined in this thesis and in 
the existing literature, enables the production of a wide variety of nanoscale 
TiO2 materials, which will improve the efficiency of existing devices, whilst 
prompting the emergence of novel and advanced applications. 
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